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Abstract 
The stress relief cracking (SRC) susceptibility of a range of austenitic and ferritic alloys 
was tested using Gleeble® based test procedures. The tests were developed to study the 
effect of post weld heat treatment (PWHT) temperature and cold working on the SRC 
susceptibility. Six susceptibility parameters were identified from the test results (ductility, 
percentage stress relaxed, hardness increase at fracture, failure time, fracture mode and 
extent/type of secondary cracks below the fracture).  The susceptibility parameters were 
integrated with concepts of Risk Priority Number (tool in 6-Sigma) to develop an SRC 
susceptibility index. Sensitivity analysis of the methodology was done to ensure its 
robustness. The PWHT temperature of highest SRC susceptibility for ferritic alloys was 
observed to be 600°C while that for austenitic alloys was 800°C. Using the susceptibility 
index, the SRC propensity of all the alloys was divided into three categories (highly 
susceptible, moderately susceptible and resistant). The newly proposed test procedure and 
SRC susceptibility index provide a robust approach for studying and ranking the SRC 
susceptibility of engineering alloys. Post-test microstructural characterization of the SRC 
samples provided insight into the cracking mechanisms. 
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Chapter 1 Literature Review: Stress 
Relief Cracking  
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Background: 
Several alloys exhibit stress relief cracking (SRC) during welding, post weld heat 
treatment (PWHT), and/or service. This form of cracking typically occurs along the grain 
boundaries and results in a low ductility fracture. The problem is often associated with 
precipitation strengthened alloys, in which a locally soft precipitate free zone forms along 
the grain boundaries. In this case, the residual stress from welding is relieved by localized 
plastic deformation along the grain boundaries, resulting in sudden low ductility fracture. 
In service, the applied stresses combine with the welding residual stress to promote failure. 
It is important to note that the cracking mechanism is alloy dependent. For example, work 
conducted to date has shown that SRC in Alloy 23 is not associated with precipitate free 
zones but is instead caused by formation of grain boundary carbides that initiate void 
formation. Segregation of impurity elements to grain boundaries has been shown to 
exacerbate the problem in certain alloys1,2. 
Several tests have been developed to investigate SRC susceptibility and the 
influence of alloy and process parameters. However, no work has been conducted to 
develop standardized tests that closely simulate the welding thermo-mechanical cycle and 
reproduce the fracture mechanism under well controlled conditions. In addition, results do 
not exist that provide a uniform comparison on cracking susceptibility and cracking 
mechanisms for the wide range of alloys. 
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Objectives: 
The overall objective of this proposed research is to address the need to develop 
standard test(s) and provide relative susceptibility and cracking mechanism of alloys 
through a highly collaborative program that integrates detailed experimental and modeling 
capabilities of industry and academic partners. This research has the following specific 
objectives: 
1. To understand what is known about the mechanism of SRC in each alloy of interest 
by developing standardized tests that simulate service under well controlled 
conditions. 
2. To use these standardized tests to determine the relative cracking susceptibility for 
a wide range of alloys. 
3. To identify additional factors aside from alloy composition that affect SRC 
susceptibility. 
4. To establish the relative suitability, advantages, and limitations of SRC tests that 
are currently being used by researchers in industry and academia. 
5. To identify simple tests that can be used to investigate SRC without the need for 
elaborate research facilities such as the Gleeble®. 
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Introduction to Stress Relief Cracking in alloys 
Stress Relief Cracking (SRC) is known by different names, viz. strain age-cracking, 
stress relief cracking, reheat cracking, stress assisted grain boundary oxidation(SAGBO), 
post weld heat treatment cracking and stress induced cracking3. SRC is characterized by 
cracks running along grain boundaries in the coarse grain region of a weld Heat Affected 
Zone (HAZ) or a heavily worked region, e.g. pipe bends. These cracks can appear during 
service at elevated temperatures and/ or during stress relieving heat treatment after welding 
or plastic deformation3. Heating to sufficiently high temperatures not only promotes stress 
relaxation by plastic deformation (lowering the yield strength) but also promotes 
precipitation that hinders plastic deformation4. For alloys with fast precipitation kinetics, 
cracking can occur (Figure 1-1) during heating to temperatures above the precipitate 
solvus4. The role of kinetics was investigated by Berry et al. where cracking due to SRC 
was avoided in Rene-41 with high heating rates to the PWHT temperature such that 
precipitation was avoided (Figure 1-2)5. Other than the processing parameters, the alloy 
composition play a prominent role in the SRC susceptibility. Developed by Prager and 
Shira, the weldability map for gamma prime (γ’) strengthened alloys as a function of Al 
and Ti concentration (major γ’ formers) is shown in Figure 1-36,7. It was generally 
concluded that alloys with low concentrations of Al and Ti were less susceptible to 
cracking due to the sluggish precipitation kinetics (Figure 1-4)7.  
Concomitant to matrix strengthening, formation of the precipitate denuded zone near 
grain boundary is also reported in several alloy systems8. The formation of the denuded 
zones has often been attributed to the discontinuous coarsening of the major strengthening 
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precipitates (e.g. γ’ in 740H9) or growth of a stable second phase at the expense of the 
primary strengthening precipitates (e.g. growth of MC at the expense of γ’ in PE1610). In 
the absence of strengthening precipitates, denuded zones form preferred sites for strain 
localization. Other than weakening due to denuded zone formation, grain boundary 
embrittlement was also reported due to elemental segregation1,11. Fast diffusing elements 
like S, P and As segregate to the grain boundaries causing decohesion12. The fracture 
surface appearance is a strong indicator of the underlying cracking mechanism, viz. 
intergranular fracture with micro-void coalescence on grain facets indicate local softening 
at grain boundary whereas intergranular fracture with smooth grain facets suggest de-
cohesion of grain boundary possibly due to elemental segregation. Therefore, it can be 
concluded that different SRC mechanisms are active in different alloy systems, or even in 
the same alloy under different processing parameters. The current knowledge of SRC 
mechanisms for alloys of interest and test methods employed for evaluating SRC 
susceptibility are described below. 
 
Inconel 740H 
Inconel® 740H is a precipitation hardened, Ni-based super alloy developed by 
Special Metals Corporation®13. This is a candidate alloy for use in elevated temperature 
applications, such as boiler tubes in Advanced Ultra-Super Critical(A-USC) fossil fuel 
power plants. Elevated temperature application of the alloy is credited to its good creep 
strength and corrosion resistance at temperatures around 600ºC to 800ºC, which in turn is 
due to the stability of its precipitates at these temperatures. The major strengthening 
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precipitate in 740H is γ’ in gamma (γ) matrix. Other phases may also form depending on 
the alloy composition and the heat treatment conditions. These phases include MC, M23C6, 
and eta(η). The chemical composition for 740H and other alloys under scope of this study 
are listed in Table 1-1.  
Zhao et al. investigated the γ’ coarsening behavior for 704°C to 760°C ageing up 
to 5000 hours. γ’ was reported to follow typical diffusion-controlled particle growth 
relation, 𝑟−3 ∝ 𝑡, where r is the radius of the precipitate and ‘t’ is time. The γ’ coarsening 
was found to be influenced more by ageing temperature than ageing time13. This result is 
significant, as it shows that γ’ is stable over long ageing periods, implying short duration 
tests could be used to represent long term ageing tests for a given temperature range. 
Other secondary phases, like η, nominally Ni3(Nb, Ti, Al) but with higher Nb 
concentration as compared to γ’ precipitated mostly on the grain boundaries above 700ºC. 
η has HCP crystal structure precipitating in both needle like and blocky morphology near 
grain boundaries. Formation of local γ’ denuded region was also reported due to growth 
of η at the expense of γ’. However, no evidence of phase identification (diffraction or 
quantitative XEDS) were presented. In a similar work, Yan et al. also reported the 
formation of γ’ denuded region, however, associated with the growth of needle like or 
blocky M23C6 (Figure 1-5)
14. Conclusive phase identification as M23C6 was done through 
diffraction. The 740H sample in this study was aged at 750°C for up to 3000 hours and γ’ 
with dispersed MC carbides were reported to be the major strengthening precipitates14. 
While ageing for 3000 hours had no significant effect on the M23C6 or MC carbides, 
significant coarsening from 14 to 16.5 weight percent was observed for γ’14. Precipitate 
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coarsening tends to lower the strength of material by the change in mechanism of 
precipitate interaction with the dislocations, in this case precipitate cutting by dislocation 
changes from weak to strong pair coupling (Figure 1-6). Therefore, a critical γ’ particle 
size of 50 nm was calculated giving the highest strengthening effect (Figure 6)14. In 
addition to the stable phases reported above, Shingledecker et al. also observed the 
formation of G-phase at the grain boundaries (Figure 1-7) after ageing the sample at 
816°C for 927 hours15. Topologically close packed (TCP) phases (eg. σ, µ, and laves) 
observed in other Ni based alloys are not reported for 740H alloy.  
Tung et al. studied the effect of prestraining, ageing and PWHT temperature on the 
SRC susceptibility of 740H using the self-constraint type test (discussed later)16. Alloy 
740H was found to be susceptible to SRC, while no meaningful change in susceptibility 
was observed with pre-straining and PWHT temperature (620°C & 760°C). Ageing at 
800°C for 10,000 hours as compared to 4 hours prior to testing at 760°C, lowered the 
susceptibility of the alloy likely due to the coarsening of the intragranular γ’ over longer 
ageing time (Figure 1-8). As in earlier works, Tung et al. also reported the formation of 
PFZ at the grain boundaries. However, PFZ was reported to be limited to the grain 
boundaries that were exposed to air after fracturing (Figure 1-9). The indirect effect of Cr 
depletion from the matrix by Cr-oxide formation on the solubility of the γ’ former elements 
was proposed as the likely mechanism for PFZ formation9,16. This is not consistent with 
the previous research on 740H where the formation of PFZ has often been attributed to the 
discontinuous coarsening of the grain boundary precipitates or coarsening of a stable MC 
carbide9,17.     
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Inconel 617 
Inconel 617 is a solid-solution and precipitation strengthened alloy with good 
corrosion resistance and high-temperature strength. Co and Mo provide solid 
solution strengthening while an appreciable amount of strengthening is also 
imparted by precipitates in both the matrix and at grain boundaries. Cabibbo et al.18 
creep tested IN617 at 700°C and 800°C for 34000 and 13000 hours respectively, 
where failure was only observed in the 800°C sample. Higher hardness was observed 
in the sample crept at 700°C as compared to 800°C attributed to the intragranular γ’ 
precipitation coupled with grain boundary M23C6, MC and M6C carbides. δ-phase 
(Ni3Mo) at grain boundaries growing into the grains in zipper like morphology 
(Figure 1-10). The grain boundary carbides and δ-phase were common to both the 
samples, while lower hardness in sample crept at 800°C was attributed to the 
coarsening of γ’ precipitate. The γ’ particles were cuboidal with an average diameter 
of 255 nm in 800°C sample compared to spherical with 60 nm average diameter at 
700°C18. In a similar study, Martino et al.19 confirmed the presence of precipitates 
reported by Cabibbo, however, the Mo-rich δ reported by Cabibbo et al.18 was named 
as µ by Martino et al.19 (Figure 1-11). Baier et al.20 studied the stability of major 
precipitates in IN617 and plotted a time-temperature-transformation (TTT) curve 
shown in Figure 1-12. This plot was in conformance to the precipitate stability 
temperature ranges stated by Cabibbo et al.18, who showed the appearance of γ’ only 
at high temperature after being aged for a few hundred hours at 700°C and 800°C. 
The TTT plot highlights the slow precipitation kinetics in IN617, therefore, during 
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PWHT the residual stresses can relax through plastic deformation before matrix 
strengthening by precipitation suggesting resistance to SRC.  
In a failure analysis of IN617 reaction vessel weld, intergranular HAZ cracking 
was observed by after 14 months of service at 600°C attributed to residual stresses 
from welding3. In further analysis, matrix strengthening by γ’ and creep voids 
formation at grain boundary associated with carbides were observed, however, no 
PFZ formation was reported. PWHT at 900°C for 24 hours on simulated welds 
significantly reduced the dislocation density suggesting that IN617 is resistant to 
stress relief cracking, however, cracking can occur on prolonged ageing under 
stresses. Tung et al.16 in their study also concluded that IN617 is resistant to SRC. It 
was observed that the alloys that start with negligible intra-granular precipitate were 
not susceptible to SRC. Under the self-restraining test for annealed samples, no 
cracking was observed for different prestrain levels and at two different PWHT 
temperatures (620°C and 760°C). This lead the authors to conclude that pre-straining 
had no visible effect on the SRC susceptibility of IN617.  
 
Alloy 347H 
Alloy 347H is a Nb-stabilized austenitic steel where Nb is added to 
preferentially form NbC over M23C6 thus retaining the oxidation resistance of the 
alloy21. Babak et al.21 in a microstructural characterization study of 347H reported 
NbC as the only precipitate and no sigma (σ) phase or M23C6 carbides for three 
different conditions, namely, commercially available, aged without stress and creep 
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tested. Ageing and creep testing was done at 850°C for 1244-hours. The as-received 
heat treatment condition of the material was not specified in this study. NbC 
precipitated preferentially on the dislocations along the <111> slip direction, 
hindering slip processes and thus providing enhanced creep strength. Interestingly, 
when aged at 700°C for 6000 hours, second phases like M23C6 and σ were reported22.  
In this work, Kaishu et al.22 reported the formation of NbC and delta (δ) ferrite in the 
as-welded weld metal. Ageing for 4.5 hours at 700°C lead to the precipitation of M23C6 
in addition to NbC and δ-ferrite. Continued ageing to 6000 hours lead to 
transformation of δ-ferrite and M23C6 to σ. Formation of σ was reported to be 
accelerated due to the presence of δ-ferrite and M23C622. The presence of σ was also 
confirmed by Kallqvist et al.23, who studied the microstructural evolution during long 
term ageing at 500°C, 600°C and 700°C up to 70000 hours and found that σ phase 
fraction increased with ageing temperature. The researchers also reported that 
samples aged at 600°C and 700°C had no C and Nb in solution because majority 
precipitated as Nb(C, N) carbides/ carbonitrides.  
347H has been reported for its susceptibility to SRC. Li et. al studied SRC 
susceptibility of four different compositions of 347H using a Gleeble 1500 thermo-
mechanical simulator24. Stress relaxation tests were performed at a range of PWHT 
temperatures from 650°C to 950°C. First, hot tensile tests at the test temperature 
were performed on an Instron unit coupled with split resistance-heated furnace. The 
heating rate used was 50°C/min. The measured yield strength was used in the SRC 
test in the Gleeble 1500. The Gleeble was used to simulate weld thermal cycles for a 
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1.1kJ/mm heat input with a peak temperature of 1300°C. The test coupons were 
machined with notch to induce triaxial stress state as the sample did not fail under uniaxial 
stress. The notched sample was heated at 50°C/min to the test temperature and 70 
percent yield stress at temperature was applied and strain kept constant through the 
test. At the end of the tests, cracks were observed to be concentrated at the notch root. 
A force vs. time plot is shown in Figure 1-13, where the gradual increase in force 
during the initial relaxation period was attributed to bulk volume shrinkage due to 
NbC precipitation at the test temperature. Lowering of force in later stage of stress 
relaxation cycle was proposed to be a result of cracking. Also, a precipitation-time-
temperature (TTP) diagram for 347H (Figure 1-14) was plotted based on the time 
taken for stress to increase as an indicator to precipitation. For all the compositions 
studied, 800°C was reported to be the temperature most susceptible to SRC. Although 
the procedure simulated the welding conditions during the SRC test, the geometry 
and thermal cycle of the tensile test specimen were not similar to the SRC test 
specimen. Lin et al.25, in case study of a highly restrained 347H weldment, found 
cracks along the grain boundaries in the weld metal during stress relief heat 
treatment of the weld at 900°C. The fracture surface had remnant dendritic 
solidification substructure. The remnant solidification substructure at 
crystallographic grain boundary was attributed to pinning of these boundaries at the 
solidification grain boundary by ferrite. Inability to relax residual stress under 
restraint due to matrix strengthening by NbC was attributed to intergranular 
cracking. The ferrite content of weld metal in as-welded condition was measured to 
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be around 8 percent. Stress relief tests were also performed on Gleeble® with weld 
metal samples subjected to 70 and 100 percent of yield strain at a range of PWHT 
temperatures for up to 3 hours. Figure 1-15 shows a time-temperature-failure plot for 
SRC. The nose of this ‘C’ plot was around 900°C thus explaining the observation of 
weld metal cracking due to residual stresses. It was also concluded that NbC 
precipitation kinetics were fast at temperatures around 900°C as failure was 
observed within 30 mins into SRC test25. This observation was not in accordance to 
Li et al. where they reported 800°C to be the temperature with SRC susceptibility for 
347H24. However, this difference could be attributed to the region of interest in both 
the tests. Li et. al studied the HAZ of sample that had coarse grains and undissolved 
precipitates while Lin et al. were interested in SRC cracking of weld metal that had 
wrought microstructure i.e. no precipitates in the matrix other than phases formed 
during solidification. However, both studies agreed upon the fast precipitation 
kinetics of NbC in 347H alloy in the temperature range of 700°C to 900°C. 
Comparable results were observed by Lee et al. in a failed welded joint of 347H 
boiler tube. The tube was operated at a maximum steam temperature of 590°C and 
failed while in operation after 3600 hours. The fracture mode was intergranular 
located in the CGHAZ of the weld. Microstructural analysis revealed the presence of 
dark bands at the HAZ, which were proposed to be strain induced martensite. Also, 
coarse M23C6 carbides at grain boundaries were observed near the cracks. Another 
interesting observation was the dissolution of NbC carbides near the cracked region. 
Hardness near the fracture surface was higher compared to the base metal even 
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though NbC dissolution occurred. This high hardness was attributed to two factors: 
localized plastic deformation (more than 15%) due to residual and thermal stresses 
from subsequent weld passes, and strain induced martensite formation. Thus, 347H 
has been reported to be susceptible to SRC at range of temperatures under varying 
conditions.  
 
Haynes 230 
Haynes 230® was developed by Haynes International for elevated temperature 
applications. This alloy is solid solution strengthened with excellent elevated 
temperature strength and good corrosion resistance. Haynes 230 is a candidate alloy 
for use in A-USC fossil power plants. After initial fabrication, the alloy is solution 
annealed to dissolve all carbides that may otherwise affect the strength and the lower 
ductility. The alloy is solution annealed, where it is heated to a temperature range of 
1177°C to 1246°C and water quenched or fast cooled to give optimum properties26. 
The base metal microstructure of the commercially available solution treated alloy is 
austenitic matrix with large globular M6C carbides (M= W, Cr and Ni) and smaller 
M23C6 carbides rich in Cr. Boehlert et al.27 studied the effect of thermo-mechanical 
processing (TMP) on creep behavior of a Haynes 230 sheet samples. The sheet sample 
was cold worked to give a 20 percent reduction in thickness in each pass for a total of 
four passes, solution treated at 1149°C for 20 minutes, and then water quenched to 
achieve a grain size well below 100um. The resultant microstructure was similar to 
the starting material but with finer grains, a high number of secondary grain 
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boundaries and no change in grain boundary character. Creep tests were done at 
700°C to 815°C with 25 MPa to 225 MPa for up to 500 hours. Smaller grain size 
lowered the creep strength of the material where voids and edge cracks were 
observed attributed to the precipitates fracturing during TMP treatment27. 
Kim et al. 28 also supported carbides to be the preferred locations of void formation. 
In this work, the creep behavior of Haynes 230 in impure Helium environment was 
studied. Coarsening of carbides during ageing for 500 hours at 1000°C and eventual 
rupturing under stress lead to the mixed mode of fracture observed in the crept 
samples. 
Veverkova et al.29 also performed creep tests as well as stress-free ageing of 
Haynes 230 at a range of conditions, from 600°C to 1000°C for 1000 to 20000 hours. 
Maximum hardness was obtained for the temperature range of 600°C to 800°C due to 
the precipitation of fine M23C6 on the grain and sub-grain boundaries. Further ageing 
beyond 1000 hours or for temperatures above 800°C lead to lowering of hardness 
due to the coarsening of M23C6. For temperatures around 1000°C and long ageing 
times of 5000 hours, continuous interconnected M23C6 and coarsened M6C carbides 
were observed. Pataky et al. reported the effect of grain boundary tortuosity and 
carbides on creep mechanisms at high temperatures in Haynes 23030. The samples 
crept at 900°C for 10 hours with a load of 50 MPa showed localization of strain at the 
triple points and grain boundary serrations (Figure 1-16). Localized strain at triple 
points were measured to be on the order of 3% with nominal strain of 0.88% making 
these locations as the preferred void nucleation sites. The creep mechanism was 
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observed to be temperature sensitive as the creep exponent (n) changed from 3 at 
900°C to 5 at 800°C. Intergranular cracks were observed for sample crept at 900°C 
which were attributed to locking of grain boundary sliding during creep and 
precipitation of grain boundary carbides (M23C6) that interact with dislocations to 
further lower creep ductility. Grain boundary carbides interacting with dislocations 
is shown in Figure 1-17. It was hypothesized that the common carbide in Haynes 230, 
M6C dissolved at solutionizing temperatures creating a supersaturation of C in the 
matrix that further enhanced M23C6 precipitation. 
Haynes 230 has been reported to be fairly resistant to SRC16. Tung et al. used the 
self-restraint test for studying SRC susceptibility (details of this test are described in 
section on test procedures). In this study, samples were analyzed for cracking 
susceptibility at 760°C with 4mm prestrain after ageing for 10000 hours at 800°C. No 
significant grain coarsening was observed due to the pinning effect of the grain 
boundary carbides (Figure 1-18).  Ageing under prestrain at 760°C for 1,600 hours 
resulted in no cracks on the notch root, shown in Figure 1-19. It was further 
hypothesized that alloys starting with no intragranular precipitates are less 
susceptible to SRC16.  
 
Haynes 282 
Haynes 282® is γ’ strengthened alloy with fine and well dispersed γ’ precipitates 
in the γ matrix. The γ’ precipitation kinetics are slow in this alloy that ensures good 
ductility in the annealed condition. Commercially, Haynes 282 is available in the 
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solution annealed condition. The annealing temperature is in the range of 1121°C to 
1149°C. A two-step ageing treatment is done to bring back precipitates and improve 
strength31.  
Pike studied the strain age cracking (SAC) susceptibility of   Haynes 282 alloy32. 
Starting with the initial microstructure with M23C6 along grain boundaries and MC 
carbides in the matrix, a controlled heating rate test (CHRT) was performed over the 
temperature range of 760°C to 871°C. The susceptibility to SRC using CHRT was 
measured in terms of elongation where a minimum of 13% was reported at 816°C, 
suggesting that this alloy was resistant to strain age cracking (Figure 1-20). A time 
temperature-hardness (TTH in Figure 1-21), where time taken to reach 30 HRC was 
plotted as function of temperature. The Lowest time taken to reach 30 HRC was 
observed at 816°C indicating fastest precipitation kinetics. Although the CHRT could 
be used as a pass or fail criteria but this test does not simulate the actual stress 
relaxation mechanism. The reason for wide spread use of CHRT technique is due to 
the simple setup32.  
CHRT tests at the same temperatures were also conducted by Metzler et al. on 
Haynes 28233. The samples were heated to 594°C at 56°C/sec and then heated to the 
test temperature at 16.7°C/min and finally pulled to failure at constant temperature 
and extension rates. Samples with slow extension rates of 1.6mm/min and 
8.43mm/min at both 816°C and 871°C formed γ’ denuded region along the grain 
boundaries attributing to intergranular fracture. No γ’ or grain boundary carbides 
were observed at high extension rates of 15.2mm/min at all three temperatures, 
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suggesting sluggish γ’ precipitation kinetics33. No detailed characterization was done 
to determine the mechanism of denuded zone formation in this study. The presence 
of γ’ denuded zone was also confirmed by White et al. who studied the creep behavior 
of Haynes 282 at 890°C/ 159 MPa34 (Figure 1-22). γ’, M23C6 and Ti-rich MC carbides 
were reported to be the major precipitates in the crept samples. The IG fracture 
during creep was hypothesized to be a combination of the formation of PFZ and 
interconnected sheet like morphology of grain boundary carbides that lowered the 
creep ductility (Figure 1-23). 
Therefore, it can be asserted that the formation of γ′ denuded zones near grain 
boundaries leads to low ductility at elevated temperatures. The mechanism of γ′ 
strengthening was studied by Sun et al. on a GH2984 Ni-Fe based super-alloy35. Creep 
tests were performed on this alloy at 700°C/ 300MPa. It was observed that 
dislocations generated during creep test glide in the γ matrix under the influence of 
stress and stopped at the at γ/γ′ interfaces. Stresses guide the vacancies at γ/γ′ 
interface to diffuse into the dislocations which in turn allow the dislocations to climb 
up the γ′ precipitates and ultimately bypass it making an Orowan loop35. This 
deformation mechanism was proposed for samples crept at 700°C and explained the 
good creep strength at this temperature. When creep tested at 800°C/ 100 MPa, 
Orowan loops were observed along with stacking faults formed due to sheering of γ′ 
precipitates, by partial dislocations. It was common at this temperature for 
dislocations to cut through γ′ precipitates and this could be attributed to 800°C being 
closer to the solvus temperature of γ′. Thus γ′ with many stacking faults inside cannot 
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provide strengthening to the matrix thus explaining the loss of creep strength at 
800°C as compared to 700°C35. However, it should also be noted that the stability of 
γ′ is strongly dependent on the alloy composition. For example, Loomis et al. proved 
that addition of Mo in Ni based superalloy can increase the amount as well as the 
solvus temperature of γ′ thus enhancing the stability to higher temperatures36. 
 
Grade 22 ASTM A387 
ASTM A387 Gr22 is particularly used in steam generator components because of 
its comparatively low thermal expansion, high thermal conductivity and good 
resistance to stress corrosion cracking37.  
Laha et al. performed constant load creep tests at 500°C & 550°C with 130 MPa to 
300 MPa for both base metal and weld after PWHT38. The base metal was in 
normalized and tempered condition, heated at 950°C for 17mins, air cooled to 730°C 
for a 60 min hold, and then air cooled to room temperature. The PWHT used after 
welding was 700°C for 1 hour followed by an air cool. Prior to the creep test, the 
microstructure of the base metal was reported to be a bainite-proeutectoid ferrite 
matrix with Fe3C at grain boundaries and Mo2C precipitates in the intragranular 
regions. It was hypothesized that Mo2C provides the necessary creep strength to the 
alloy. However, due to ageing at elevated temperature for longer times Mo2C can 
transform into complex carbides like M23C6, M7C6 and M6C, thus reducing the creep 
strength. The lower hardness of base metal (Figure 1-24) after ageing was attributed 
to higher amount of pro-eutectoid ferrite. Mo2C to complex carbide transformation 
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was the proposed mechanism for low hardness and creep strength of the inter-critical 
region38.  
Grade 22 has been reported to be susceptible to SRC. Nawrocki studied the SRC 
behavior of Grade 22 using Gleeble thermomechanical simulator39. Round standard 
tensile samples were subjected to a CGHAZ thermal cycle representative of a 2kJ/mm 
heat input with a peak temperature of 1350°C and 93°C preheat for a 0.5” thick plate. 
The simulated “as-welded” microstructure of HAZ was predominantly lath martensite 
with prior austenite grain size on the order ~70um. These samples were tensile 
tested at the PWHT temperature to get yield strength at the PWHT temperature. The 
test temperatures in this study were 575°C to 725°C. For the SRC test, the CGHAZ heat 
treated sample was heated to the PWHT temperature and pulled to a displacement 
corresponding to 0.2% offset strain after which the displacement was locked. The 
variation of stress as a function of time was recorded and a time to failure for all 
temperatures was plotted. It was concluded that SRC was controlled by both inter and 
intragranular carbides. Fe3C volume fraction increased with temperature and so did 
the percentage of intergranular fracture. Intragranular precipitates, as confirmed by 
carbon extraction replica, included W, Fe-rich carbides in the sample tested at 575°C 
and W, V-rich carbides in the sample tested at 675°C. SRC initiation was found to be 
at the site of grain boundary carbides. These voids coalesced to form intergranular 
cracks39. In the work by Imanaka et al., hydrogen cracking was related to SRC in 
2.25Cr-1Mo steels40. Samples were tested for SRC using Y groove restraint cracking 
test followed by a PWHT at 690°C for 24 hours. It was observed that specimens with 
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Sulfur more than 25 ppm were highly susceptible to SRC. Presence of AlO and MnS at 
grain boundary were confirmed by Electron Energy Loss Spectrometry(EELS). This 
lead to the hypothesis that S segregation at grain boundary acts as precursor to H 
attack and ultimately brittle failure. Also, addition of rare-earth elements was 
demonstrated as potential solution to curb S segregation at grain boundaries and 
eventually reduce cracking. Similarly, effect of P segregation on SRC of 2.25Cr-1Mo 
steel was studied by Hippsley et al.11. A four-point bend test was performed on 
notched samples. The sample was heat treated at the notch to get the representative 
CGHAZ grain size. The notched samples were loaded to a displacement equivalent to 
30% to 90% of parent material yield strength and then heated at 100°C/hour to test 
temperatures ranging from 352°C to 652°C. From the experiment, load vs. 
temperature curves were obtained. A sudden change in the otherwise smooth load 
curve suggested cracking in the sample. If the sample did not fail during the test, it 
was fractured at -196°C to study the fracture surface. Primarily, two intergranular 
fracture modes were observed. First, at low temperature (427°C), smooth face 
intergranular cracking which matched with the temperature at which peak P 
segregation on grain boundaries occurred, as proven by Auger spectroscopy. Second, 
at elevated temperature, micro-void coalesced (creep type) cracks associated with GB 
precipitation of MnS. MnS precipitated irrespective of P content and other impurities. 
Thus, it can be concluded that SRC in Gr22 cannot be eliminated only by controlling 
the bulk impurity elements. 
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Grade 22V  
Grade 22V is modified Gr22 with higher V content. Nawrocki et al. studied the SRC 
susceptibility of modified Cr-Mo-V steel and a typical 2.25Cr-1Mo steel41. On a round 
tensile specimen, a CGHAZ thermal cycle was induced using Gleeble thermo-
mechanical simulator for a peak temperature of 1315°C and heat inputs between 
2-4kJ/mm. The ‘as-welded’ microstructure was mainly as quenched martensite with 
prior austenite grain size around 70um. Samples were subjected to PWHT at 
temperatures ranging from 570°C to 780°C. As shown in Figure 1-25, modified steel 
had low ductility at all PWHT temperatures while 2.25Cr-1Mo steel showed a 
considerable increase in ductility with higher PWHT temperatures. The reason for 
this embrittlement was proposed to be different carbides precipitating in both alloys. 
The former, being rich in V, forms more vanadium rich carbides (VC) with M7C3 within 
grains and M23C6 on the grain boundaries. Ageing at 600°C for 1000 hours lead to the 
transformation of M7C3 and M23C6 to M6C, while VC was stable even after long term 
ageing. This was also supported by Thermocalc® calculation of stable phases at 
600°C. Higher SRC susceptibility of modified steel was attributed to formation of 
carbide free zones near grain boundaries and matrix strengthening by VC that 
intensifies the strain at the grain boundaries and hence leading to brittle failure. This 
was also confirmed by Arunagiri et al., who worked with 0.5Cr-0.5Mo-0.25V to study 
the effect of multi-pass welds on the SRC susceptibility and found the alloy failed in 
an intergranular fracture mode42. Thus, it can be concluded that addition of V, a strong 
carbide former, increases the SRC susceptibility of ferritic steels.  
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Test Procedures for SRC susceptibility study: 
Several test procedures have been used in the past to study SRC susceptibility in 
alloys. Table 1-2 to Table 1-4 show the summary of all the tests discussed here with 
the aim to identify a simple test for simulating SRC without the need for elaborate 
testing equipment, such as Gleeble® thermo-mechanical-simulator.  The issue with 
SRC has been growing as the service temperature of alloys increased. SRC is 
catastrophic and happens without any signs for failure. For this reason, efforts to 
solve this problem has increased. However, early researchers, due to lack to 
equipment, had to work with many approximations and issues. Although these tests 
were good for pass or fail of alloys for production, they did not mimic the exact service 
or welding conditions. With time, the testing procedures have advanced, and now 
sophisticated equipment like Gleeble® can simulate exact welding thermal cycles. 
This is significant because the simulated weld test methods used earlier were 
mechanical and did not simulate the weld thermal cycles. The SRC tests can be 
broadly classified into three types: 
1. Bend type 
2. Restraint type 
3. Tensile test type 
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Bend Type 
4-point bend test  
In this test, a three or four-point bend test is performed on samples with or 
without notches. The major outputs of these tests were load vs. time plot showing the 
stress relaxation behavior, crack growth measured by potential drop, crack length, 
and time to failure. All the above aspects can be used to relate the SRC susceptibility 
of a material.  Hippsley et al.43 used this test to study susceptibility of 9Cr-steel. First, 
Single Edge Notched (SEN) samples were prepared (Figure 1-26). An HAZ thermal 
cycle was applied at the notch through the sample thickness using Radio Frequency 
(RF) heating apparatus capable of producing rapid heating and cooling rates. The 
sample was then loaded on the four-point test rig in a servo hydraulic testing 
machine43. The specimen was then heated at 200°C/hour to reach the desired 
temperature. A constant bend radius (constant strain) was maintained throughout 
the test to compensate for specimen/rig expansion. After holding for 1/2 hour, samples 
were fractured at -196°C in vacuum to preserve fracture surface for AES. The test outputs 
are a load relaxation curve (Figure 1-27) and crack growth behavior using the potential 
drop method (Figure 1-28). Even though this is a well-controlled test, it cannot replicate 
the very fast heating rates in actual welds. In a different study on 2.25Cr-1Mo, Hippsley 44 
used the same setup to get load relaxation (load vs. temperature), crack growth (crack 
length vs. temperature) and cracking propensity (final crack length vs. initial loads). The 
above information was used to plot stress intensity factor as a function of crack growth rate 
(Figure 1-29). 
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Although this test was performed in a servo-hydraulic setup with vacuum chamber 
to protect the fracture surface, this test can easily be done on a universal testing machine 
(UTM) with special rigs and furnaces, as seen in Figure 1-30 45. Kuhn et al. used this 
method to study the SRC susceptibility of welded Inconel 617. They also proved that 
uniform strain was exerted on the middle section of the sample between the rig contacts as 
seen in Figure 1-31 therefore, ensuring failure to occur in the weakest part of the sample45. 
In this test, either actual weld samples were used, or heat treatments were done to produce 
the coarse grain microstructure. Using actual welds can have sample to sample variations 
that are difficult to correct, and automated welders add to the expense of testing. Simulated 
HAZ samples address the sample to sample variation issue but the precipitation state in the 
alloy is not representative of a weld HAZ.  
 
TNO method three-point bend test 
The three-point bend test with loading condition is shown in Figure 1-3246. 
Vortel et al. studied the susceptibility of a dissimilar metal weld (DMW) between 800H 
and 347H with 21/33 Mn filler metal. Figure 1-33 shows the loading cycle for this test, 
where Figure 1-33a shows short term loading response and Figure 1-33b shows two loading 
cycles. No cracking was observed, meaning this DMW was resistant to SRC. Similar tests 
were done by Shin et al.47, where SEN test samples were loaded in a three point bend test 
jig inside a furnace with coil heating and Nitrogen controlled cooling. The drawback of the 
three-point bend test over four-point bend test is the concentration of strain at the center of 
sample, while strain is uniform in the free span of test sample in a four-point bend test. 
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This means cracks will develop in the weakest section of microstructure for four-point bend 
test, but not necessarily for three-point bend test as strain concentration can also lead to 
cracking. 
Bend type tests provide an inexpensive and simple test method to study SRC susceptibility. 
Unlike CHRT, stress relaxation can be studied which is a critical part of SRC test. The 
main problem with bend tests is the very high heating rates cannot be obtained and either 
weld samples or samples heated at low heating rates are used. This either adds cost to the 
test or makes it not representative of actual weld condition.  
 
Tensile type 
This type of test makes up the most recent tests, due highly controlled process 
parameters and quantifiable results that can be used to evaluate the relative cracking 
susceptibility of alloys. These are of mainly two types as described below. 
 
Controlled Heating Rate Test (CHRT) 
CHRT is one of the most documented SRC testing procedure32,48. Rowe et al. 
studied the susceptibility of a wide range of alloys48. Sheet tensile specimens were heated 
to 827°C, soaked for 10 mins, and then heated to test temperature at 25-30°C/min. At test 
temperature, the sample was held constant and pulled to failure at 1.6mm/min. Upon 
failure, the reduction in area, percentage elongation and yield stress were calculated from 
a load-displacement curve. A percentage elongation curve is shown in Figure 1-34 
indicating R41 to be highly susceptible to SRC in the temperature range of 790°C to 850°C 
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coinciding with the γ’ strengthening temperature range for this alloy. Lower elongation in 
the sample indicates higher susceptibility to SRC, also confirmed by IG fracture mode48. 
This process is very simple, equivalent to a tensile test, and can be performed on a universal 
testing machine (UTM) with an external furnace, therefore, simple and cost effective. 
However, CHRT does not account for the degree of stress relaxed and that cannot be 
quantified with CHRT test outputs. Stress relaxed can be easily accounted for in both bend 
test as well as Gleeble based tests. Getting high heating rate is also an issue with the 
available technology.  
 
Gleeble based SRC Test 
Gleeble based tests are the most accurate in terms of simulating CGHAZ weld 
thermal cycle and control over the test parameters like stress, strain, and temperature. The 
test setup is relatively easy as compared to other tests and eliminates variations in process 
parameters during welding. Fast and slow heating rates can be obtained in Gleeble using 
Cu and Steel sample fixtures, respectively. Steel jaws are used for moderate heating rate 
whereas Copper jaws are used when high heat flux is needed. The thermal system in 
Gleeble works on resistive heating of the sample and several quenching attachments can 
be used for superfast cooling. The working chamber can be used to operate tests in air, 
vacuum or corrosive environment. However, the only downside of Gleeble tests is the cost 
associated with it. The Gleeble is an expensive machine and thus cannot be as readily 
available as the UTM.  
Nawrocki et al.39 performed SRC tests on Gleeble® for HCM2S ferritic steels.  
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The CGHAZ simulation was carried out on standard round tensile samples with a 
peak temperature of 1350°C. At PWHT temperatures of 575°C to 725°C, 0.2 percent 
plastic strain was applied that was obtained from the tensile tests. Typical thermal cycle is 
shown in Figure 1-3549. The quantifiable outputs from the tests include, variation of stress 
with time, time to failure (Figure 1-36), extent of stress relaxation, etc. Also, time to failure 
was noted and a susceptibility ‘C’ curve was plotted shown in Figure 1-36. With the listed 
capabilities, Gleeble® based tests are suitable to study the SRC susceptibility under well 
controlled conditions. 
 
Constraint type 
Constraint type tests are the most primitive for studying the susceptibility of an 
alloy to SRC. Many forms of constraint type tests have been used in the past, most common 
being the circular patch test and weldability testing.  
 
Weldability testing  
Weldability testing was conducted with a fixture shown in Figure 1-3750. In work 
conducted by David et al., the fixture shown in Figure 1-37 was used to study weldability 
of thin sheet samples. Specimens with diameter 50mm and thickness 0.63mm were inserted 
in the fixture and two circular autogenous welds were made with diameter 35mm and 
22.3mm with welding current 85A to 120A and welding speed 12.7mm/sec. The position 
of the two circular welds was determined experimentally to induce residual stresses after 
each weld. The order of welding was critical, and the outer weld was done first followed 
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by inner weld, and the sample was then flipped for welds to be repeated on the backside. 
A sample passed only if no cracking was observed near both the welds. If cracks formed 
near the inside weld, the sample was said to have moderate susceptibility to cracking, while 
if cracks were observed near both the welds, the sample was considered to have high 
susceptibility. A typical welded sheet sample is shown in Figure 1-38. 
 
C-ring test 
This test was adapted by Lundin et al.51. ASTM G38 was used to calculate the 
effective deflection for this test. From a desired region in the weld, a cylindrical slug was 
machined out, as shown in Figure 1-39, with 0.75” in length, outer diameter 1” and Inner 
diameter as 0.75”. Deflection bolts were made with the same material as test coupon and 
after applying the calculated deflection, the setup was post weld heat treated in the furnace. 
After ageing, the sample was unloaded and checked for cracks. This is a good pass/ fail 
test to determine the SRC susceptibility of alloys. The drawback with this test is the sample 
preparation including, first producing reproducible welds, and then machining out hollow 
cylindrical sample and putting notch at the desired position. The complexity of the test 
adds to the cost of testing with high number of variables.   
 
Borland Test: 
The Borland test employs welding as shown in Figure 1-40 to study the SRC 
susceptibility46. This test can be used to identify the risk of failure due to SRC for material 
combinations before production. The test consists of two members welded together using 
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multi-pass welds. Welding on both sides of the top member inside the groove of the lower 
member constraints the joint that can potentially fracture during PWHT. Cracks are 
examined after the completion of test52. This simple test that can give a pass or fail criteria 
for SRC susceptibility of a combination of base metals and filler alloys. The drawback of 
this test is the absence of any quantifiable output and reproducibility of the tests due to 
manual welding. 
 
Self-restraint test 
In their work to study the SRC behavior of a range of alloys, Tung et al. used self-
restraint test16. Compact tension samples were pre-strained in compression as shown in 
Figure 1-41a. The yield level residual stress was introduced in the sample due to 
compression. Compressive displacement was measured after spring-back and the 
displacement was held constant for all alloys. Samples were then placed in the furnace for 
aging. Samples with high residual stresses tend to crack when the matrix is not capable of 
relaxing any further strain (example of cracking in Figure 1-41b). 
This is a simple test with no sophisticated equipment. It acts as a good pass/ fail 
test and crack length can be quantified for relative susceptibility of alloys. However, this 
test does not give stress vs. time plot to study the relaxation behavior of the alloys. Also, 
all the tests were done for the same time, hence no time to failure was compared for this 
procedure. Since crack length is used as the measure for SRC susceptibility, alloys with 
similar crack lengths would be considered to have equal susceptibility. 
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Based on the literature review of the SRC test procedures, it can be concluded that 
of the existing processes, four-point bend tests can serve as low cost alternatives for 
Gleeble® based tests. This test is simple, inexpensive and does not require sophisticated 
equipment. Also, quantifiable outputs can be obtained from the test, namely, variation of 
load with time, crack growth measurement by potential drop technique, extent of stress 
relaxation, etc. Also, the strain is uniformly distributed along the free span of the specimen 
i.e. between the two inside supports. This is critical as uniform strain would ensure cracking 
at the weakest section and not driven by localized strain as in 3-point bend tests.  
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Table 1-1 Chemical composition of alloys under the scope of this project 
Chemical composition  
 
740H In 617 HY282 HY230 347H Gr22 Gr22V 
Al 1.33 1.098 1.559 0.364 0.008 0.024 0.018 
B - 0.0015 0.0038 0.0047 <0.0003 <0.0003 0.0014 
Co 20.21 12.37 10.12 0.127 0.156 <0.002 <0.002 
Cr 24.19 21.8 19.12 22.06 17.14 2.35 2.33 
Cu 0.002 0.023 0.006 0.022 0.41 0.027 0.022 
Fe 0.11 0.8 0.49 2.5 69.92 95.78 95.51 
Mn 0.24 0.07 0.04 0.52 1.61 0.47 0.56 
Mo 0.3 9.15 8.38 1.26 0.37 0.97 0.98 
Nb 1.498 0.162 0.023 0.038 0.63 0.007 0.008 
Ni 50.53 53.94 58 58.04 9.06 0.03 0.03 
P <0.002 0.002 <0.002 0.004 0.03 0.004 0.005 
Si 0.149 0.05 0.039 0.38 0.44 0.187 0.057 
Ti 1.357 0.373 2.11 0.019 0.007 0.002 0.002 
V 0.006 0.012 0.004 0.024 0.058 0.004 0.304 
W 0.012 0.031 0.02 14.48 0.021 <0.002 <0.002 
C 0.026 0.09 0.067 0.099 0.047 0.11 0.132 
S 0.0013 <0.0003 0.001 <0.0001 0.0008 0.0015 0.0027 
N 0.0039 0.0056 0.0036 0.0257 0.042 0.006 0.0081 
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Table 1-2. Summary of SRC bend tests 
Sr. Name  Developed 
by 
Test conditions Outputs Pros Cons 
1 Advanced 4-
point bend 
test  
B. Kuhn, C. 
Ullrich, H. 
Tschaffon, 
T. Beck, L. 
Singheiser 
1. 4-point contact 
fixture on a servo-
hydraulic machine. 
2. Notched sample 
with CGHAZ 
treatment around 
notch. 
3. Heated to test 
temperature with 
constant bend 
radius throughout 
test. 
4. Sample fractured 
at liquid N 
temperature. 
1. Variation 
of load with 
time. 
2. Crack 
growth (crack 
length vs. 
temperature/ 
time) and  
3. Cracking 
propensity 
(final crack 
length vs. 
initial loads) 
1. Simulates 
development of 
residual stress in 
welds with rise in 
temperature. 
2. Load vs. time 
plot represents 
stress relaxation 
characteristic of 
alloys. 
3. Uniform strain 
is applied on the 
sample thus 
failure to occur at 
weakest section in 
sample. 
1. Cannot rank 
samples that 
do not crack. 
2. Ductility 
cannot be 
measured as 
samples 
fractured at 
liquid N 
temperature. 
2 3-Point Bend 
test  
Van Wortel 1. Weld sample  
2. loaded in 3-point 
bend test rig. 
3. Heated to test 
temperature, stress 
is applied. 
4. If no cracking 
observed, 2nd 
loading cycle is 
done to initiate 
cracking. 
5. Analysis of 
sample 
Same as 4-
point bend 
test  
1. Simulates 
development of 
residual stress in 
welds with rise in 
temperature. 
2. Load vs. time 
plot represents 
stress relaxation 
characteristic of 
alloys. 
1. Center of 
sample is max 
strained; thus, 
failure may 
not necessarily 
be at the 
weakest 
section in 
sample. 
2. Difficult to 
compare 
ductility of 
plate samples 
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Table 1-3. Summary of tension type SRC tests. 
Sr. Name of Test Developed 
by 
Test conditions Outputs Pros Cons 
3 Gleeble (Strain 
to failure) 
DSI 1. CGHAZ heat 
treatment done on 
sample and 
cooled to room 
temperature 
2. Heated to 
PWHT 
temperature, 
stress (order of 
yield stress) 
applied at PWHT 
temperature. 
3. Displacement 
locked. 
1. Time to 
failure 
2. Elongation 
and ductility 
3. Stress vs. 
time plot 
1. Very high 
heating rates 
2. High 
accuracy in 
strain 
measurement 
3. Simple tests 
4. Stress 
relaxing 
character of 
sample can be 
studied on a 
constraint 
sample. 
1. Highly 
expensive. 
2. Very small 
hot zone is 
obtained i.e. 
sample area 
with peak 
programmed 
temperature. 
4 Controlled 
Heat Rate Test 
(CHRT) 
 
1. Standard 
tensile test 
samples on a 
UTM with 
clamshell furnace 
attachment. 
2. At temperature, 
sample is pulled 
to failure. 
1. Reduction 
in area,  
2. percent 
elongation,  
3. fracture 
mode are the 
outputs. 
4. Yield 
strength (0.2 
offest). 
1. Simple, 
inexpensive 
2. Does not need 
skilled labor 
3. Good test for 
pass/ fail type 
test. 
1. Does not 
consider stress 
relaxation in 
sample. 
2. Very high 
heating rates 
cannot be 
achieved. 
3. HAZ samples 
from welds are 
to be taken. 
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Table 1-4. Summary of Constraint type SRC tests 
Sr. Name of Test Developed 
by 
Test conditions Outputs Pros Cons 
5 Self-Restraint test Turski 1. Compact tension test 
specimen are prepared. 
2. Samples used in both aged 
and annealed condition. 
3. Compressive prestrain 
applied, leading to residual 
compressive stress  
4. PWHT in furnace. 
5. Notch roots examined for 
cracks. 
1. Crack 
length 
1. Simple test. 
2. Does not need 
sophisticated 
equipment  
3. Crack length 
is quantified.  
1. Does not 
include stress 
relaxation 
measurement. 
2. Quantifiable 
output is only 
crack length 
which is not 
obvious.  
6 Weldability 
testing  
S.A 
David, 
ORNL 
1. Sheet disc sample 
prepared  
2. Circumferential weld is 
done at 35 mm and 22.3 mm 
diameter. 
3. Sample is flipped, to weld 
on both sides. 
4. On both sides, outer weld 
is done first. 
5. analysis of sample:  
Pass if no cracks;  
failed if cracks at both welds 
and Moderately susceptible 
if cracks only near inside 
weld  
Pass/ fail 
i.e. 
cracks 
appear 
or not. 
1. Good pass/ 
fail test for sheet 
samples. 
1. For thin 
sheet samples 
2. No 
quantitative 
outputs. 
7 C-ring  Lundin 1. Welds are performed 
2. Cylindrical shells are cut 
out of dimension, length 
0.75"X OD 1" X ID 0.75". 
Notch applied on sample. 
3. Deflection is estimated 
using ASTM G-38 
4. Deflected sample is put to 
PWHT  
5. Analysis of sample. 
Pass/ fail 
i.e. 
cracks 
appear 
or not. 
1. Good pass/ 
fail test for SRC 
testing. 
2. Test can be 
standardized as 
it is compliant 
to ASTM 
standard. 
3. SRC 
susceptibility of 
different areas 
on weld can be 
obtained. 
1. High 
machining cost 
2. many 
variables that 
means not 
good 
reproducibility. 
3. Does not 
give a 
quantitative 
output.  
8 Borland Test  
 
1. Two members are welded 
perpendicular to each other. 
2. Oblique member sits 
inside a grove on the base 
member and sides are 
welded. 
3. Joint is PWHT’ed in 
furnace  
4. Analysis of sample 
Pass/ fail 
i.e. 
cracks 
appear 
or not. 
1. Good pass or 
fail criteria. 
2. Perpendicular 
bending induces 
high constraint 
in weld. 
1. Making 
welds with 
good 
reproducibility 
is expensive. 
2. No 
quantitative 
output. 
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Figure 1-1 Schematic representation of typical thermal cycle for a weld HAZ. 
 
  
Figure 1-2. Heating rates to PWHT overlaid with precipitation TTT curve. 
 
 
Figure 1-3. Weldability chart as a function of Al and Ti weight percent in alloys. 
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Figure 1-4. Schematic diagram showing the shift in precipitation curve due to low concentration of Al and 
Ti in γ’ strengthened alloys. 
 
 
Figure 1-5. M23C6 carbides near grain boundary (a) blocky morphology (b) needle morphology. 
 
 
Figure 1-6. Critical resolved shear stress as a function of γ’ particle diameter.  
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Figure 1-7. Backscattered SEM image and corresponding EDS spectrum for M23C6 carbides along with η 
and G.  
 
 
Figure 1-8. LOM image of notch root. No cracks for 10,000hrs aged sample. Intergranular deep cracks for 
just aged sample. 
 
 
Figure 1-9. Precipitate free zones observed along grain boundaries exposed to air due to cracking.  
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Figure 1-10. δ (Ni3Mo) at grain boundaries growing into the grains in zipper like morphology. 
 
 
Figure 1-11. EDS map of grain boundary precipitates. 19 
 
 
Figure 1-12. TTT diagram for In 617.<sup>20</sup>(G. Maier & H. Oesterlin, 
n.d.)<sup>20</sup><sup>20</sup> 
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Figure 1-13. Force vs. time plot for Stress relaxation. 
 
 
Figure 1-14. TTP curve for 347H. 
 
 
Figure 1-15. TT-failure plot for SRC tests. 
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Figure 1-16. DIC strain map overlaid on LOM image showing areas of high strain. 
 
 
Figure 1-17. Dislocations interacting with grain boundary carbides. 
 
 
Figure 1-18. Grain boundary carbides pinning grain growth in Haynes 230®. 
 
46 
 
 
Figure 1-19. No cracks at notch root. 
 
 
Figure 1-20. Elongation vs. temp for CHRT. 
 
 
Figure 1-21. TTH plot for attaining 30 HRc hardness. 
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Figure 1-22. γ’ denuded zone for Haynes 282®. 
 
 
Figure 1-23. Continuous carbides at grain boundary acting as crack initiation sites. 
 
 
Figure 1-24. Hardness variation across weldment in as-welded, PWHT’ed and crept 
conditions. 
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Figure 1-25. Ductility vs. PWHT showing modified steel with low ductility. 
 
 
Figure 1-26. SEN sample dimensions schematic. 
 
 
Figure 1-27. Load vs. time during stress relaxation.  
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Figure 1-28. Crack length vs. time, in-situ measurement using potential drop technique. 
 
 
Figure 1-29. Stress intensity factor vs. crack growth rate. 
 
 
Figure 1-30. Fixture for 4-point bend test. 
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Figure 1-31. Strain-Hardness distribution in the sample in 4-point bend test. 
 
 
Figure 1-32. Loading condition in 3-point bend test. 
 
 
Figure 1-33. shows the loading cycle for 3-point bend test (a) short term loading response and (b) two 
loading cycles. 
 
(a) 
(b) 
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Figure 1-34. Elongation vs. PWHT for CHRT. 
 
 
Figure 1-35. Gleeble® thermal and stress profile vs. time. 
 
 
Figure 1-36. SRC susceptibility ‘C’ curve. PWHT vs. failure time. 
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Figure 1-37. Weldability testing fixture. 
 
 
Figure 1-38. Typical welded sheet sample from weldability testing. 
 
 
Figure 1-39. Schematic of sample extraction for C-ring test. 
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Figure 1-40. Schematic of Borland Test setup. 
 
 
Figure 1-41. (a) Self-restraint test sample geometry and loading schematic (b) Cracks at the root of the 
notch of test specimen. 
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Chapter 2 Stress Relief Cracking in 
High-Temperature Alloys 
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Abstract: 
The stress relief cracking (SRC) susceptibility of a range of austenitic and ferritic 
alloys was tested using Gleeble® based test procedures. The tests were developed to study 
the effect of post weld heat treatment (PWHT) temperature and cold working on the SRC 
susceptibility. Six susceptibility parameters were identified from the test results (ductility, 
percentage stress relaxed, hardness increase at fracture, failure time, fracture mode and 
extent/type of secondary cracks below the fracture).  The susceptibility parameters were 
integrated with concepts of Risk Priority Number (a prioritization tool in 6-Sigma) to 
develop an SRC susceptibility index. Sensitivity analysis of the methodology was done to 
ensure its robustness. The ferritic alloys generally showed the highest SRC susceptibility 
at a PWHT temperature of 600°C, while the austenitic alloys were generally most 
susceptible at 800°C. Using the susceptibility index, the SRC tendency of all the alloys was 
divided into three regions (highly susceptible, moderately susceptible and resistant). The 
newly proposed test procedure and SRC susceptibility index provide a robust approach for 
studying and ranking the SRC susceptibility of engineering alloys. Post-test 
microstructural characterization of the SRC samples provided insight into the cracking 
mechanisms.  
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Introduction: 
Fossil fuels continue to be an important source of power production. In 2015, coal, 
oil and natural gas constituted more than 81% of the total fuel used for energy production 
in the world1. Although the dependence on fossil fuels for energy production is subjective 
to the nation’s economy, nevertheless, use of renewable sources for 100% energy 
production is still a distant goal. With the advent of Advanced- Ultra Super Critical (A-
USC) power plants, the efficiency of coal-fired power plants has increased to more than 
45% from 35% efficiency of conventional powerplants2. These A-USC powerplants 
require alloys with good creep strength, capable of operating at elevated temperatures and 
pressures (steam conditions of 700°C -760°C and 4000psig - 5000psig)2. Due to the scale 
of these plants, the components must be made in parts and joined at the site of the 
application. Welding proves to be the best solution available for this purpose. One of the 
challenges associated with welding for some alloys is the problem of SRC. Stress relief 
cracking is known by different names, viz. stress-relaxation cracking, post weld heat 
treatment (PWHT) cracking or stress induced cracking. Strain age cracking (SAC) has 
often been used alternatively for SRC by some researchers3. However, in this research, a 
distinction is made between SRC and SAC, where SRC is limited to cracking during 
PWHT while SAC failures occur during long term service. 
SRC is generally characterized by a low ductility intergranular (IG) fracture in the 
coarse grain heat affected zone (CGHAZ) and can further be aggravated in heavily cold 
worked regions like pipe bends4,5. The fracture surface often exhibits localized micro-void 
coalescence on the grain facets that resembles creep fracture and suggests highly localized 
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plastic deformation in the grain boundary regions. The problem of SRC has often been 
associated with precipitation strengthened alloys. The mechanism of SRC is alloy specific 
but can generally be explained as the relaxation of residual stresses by plastic deformation 
that is localized along or near the grain boundaries. The localization of strain along the 
grain boundary regions can be associated with matrix strengthening and exacerbated by the 
formation of softened precipitate-free zones (PFZs) along the boundary6. When the local 
ductility is exhausted along the grain boundary region, the stress is relaxed by cracking3,7. 
The soft  PFZs that can aggravate cracking have generally been reported to be a result of 
two possible mechanisms- discontinuous coarsening of major strengthening precipitate 
near the grain boundary that leaves denuded zones between the coarsened particles, and 
local depletion of key alloying elements associated with precipitation/coarsening at the 
grain boundary8. 
A relatively low precipitate content in the matrix allows for easy movement of 
dislocation (plastic deformation), which is an important mechanism of residual stress 
relaxation9,10,11,12. With increased precipitation at aging temperatures, the dislocations tend 
to pile up at the precipitate-matrix interface, thus restricting stress relaxation11. The 
dislocation-precipitate interaction depends on a range of factors including the coherency 
of the precipitate with the matrix, size and aging temperature11, 12. The impediment of 
dislocations is increased by cold working. Cold working generates new dislocations, which 
act as preferred sites for precipitate nucleation13. These new precipitates form within the 
grains or on sub-grain boundaries and  impede the available mobile dislocations, thus 
accounting for reduced stress relaxation13.  
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The precipitation kinetics in an alloy is an important factor that affects its SRC 
susceptibility14. The stress relaxation during PWHT has been known to be a result of 
competition between elevated temperature plastic deformation to relax internal stresses and 
matrix strengthening due to aging at the same time15. Ageing hinders stress relaxation by 
impeding dislocations at the matrix-precipitate interface. Thus, fast precipitation kinetics 
can reduce the rate of stress relaxation, generally making the alloy more susceptible to SRC 
during PWHT7. It has been shown that effective stress relaxation without cracking can be 
achieved by fast heating to the PWHT temperature beyond the precipitate solvus 
temperature, thus avoiding any precipitation14.  
Segregation of certain elements at the grain boundaries has also been indicated as 
one of the causes for SRC. Elevated temperature facilitates the diffusion of tramp elements 
like S, P, As to the grain boundaries. These elements cause embrittlement of grain 
boundaries and ultimately fracture16. The resultant fracture surface is characterized by 
smooth grain facets as compared to micro-voids on the grain facets in the case of grain 
boundary softening. Both the fracture modes are IG and are characteristic to SRC. 
 Many past studies on the SRC susceptibility  were more binary in their approach 
where the test methods were designed to indicate pass or fail for an alloy or a combination 
of two alloys4,9,17,18,19. The primary objectives of this research were to: 1) develop a reliable 
test procedure that simulates the SRC mechanism under controlled conditions and provides 
a relative, quantitative measure of SRC susceptibility, and 2) apply the test method to rank 
a wide range of alloys to determine the relative SRC susceptibility as a function of PWHT 
temperature and plastic deformation. Post-test microstructural characterization of the 
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samples was also conducted to gain insight into the cracking mechanisms of alloys that 
were susceptible.  
 
Procedure: 
Table 2-1 shows the chemical composition of the alloy systems under 
consideration. Of the seven alloys, Grade 22 and Grade 22V are ferritic steels, 347H is an 
austenitic stainless steel, Inconel 740H, Inconel 617, Haynes 230, and Haynes 282 are Ni-
based alloys.  A Gleeble® 3500 thermo-mechanical simulator was used in this study to 
develop SRC tests that reproduced the fracture features typical of SRC failures. Figure 2-1 
shows a schematic illustration of the thermal and mechanical cycle during a basic SRC test. 
The SRC test was divided into three stages. First, the specimen was exposed to a Coarse-
Grained HAZ (CGHAZ) thermal cycle. The CGHAZ thermal cycle for each material was 
obtained using the Smartweld® package with a representative heat input of 2000 J/mm. 
Table 2-2 lists the peak temperatures of the CGHAZ thermal cycles for all the alloys. After 
the CGHAZ thermal cycle, the sample was cooled to room temperature, followed by 
heating to the PWHT temperature at 100°C/min. During the first two stages of the SRC 
test, the sample was not constricted and thus could freely expand/contract due to volumetric 
changes associated with heating/cooling. Once at the PWHT temperature, the 0.2% offset 
yield stress (at test temperature) was applied at 1.5mm/min crosshead speed and the 
crosshead was locked at this position. The crosshead was held fixed for eight hours during 
which the variation of stress with time was recorded at a constant temperature, shown by 
the third stage of the SRC test in Figure 2-1. Locking the crosshead mimicked the 
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constriction experienced by the HAZ of a weld during stress relaxation at the PWHT 
temperature. The test stopped before eight hours if the sample fractured during stress 
relaxation, otherwise the sample was pulled to failure at 2.5mm/sec at the end of eight 
hours of stress relaxation. The high strain rate was employed to quickly separate the 
fracture surfaces to help prevent arcing between the mating faces of the crack, thus 
preserving the fracture surface for post-test examination. As described above, the SRC 
procedures required knowledge of the 0.2% offset yield strength for each PWHT 
temperature of interest. Thus, prior to the SRC tests, tensile tests were conducted at each 
PWHT temperature for each alloy. The strain during the tensile tests was measured using 
a dilatometer, measuring the change in diameter at the center of the sample. The tensile test 
samples were exposed to the same CGHAZ thermal cycle as the SRC test for that alloy.  
The procedure was modified to study the effect of cold work on the SRC behavior 
since cold working is well known to accelerate precipitation kinetics and increase SRC 
susceptibility9,10,11,12,13. Ten percent plastic strain was applied to the sample at room 
temperature after application of the CGHAZ thermal cycle, as shown in stage two of 
Figure 2-2. Stage two terminated with bringing back the stress on sample to zero. The 
sample was then heated to the PWHT temperature while maintaining zero stress on the 
sample (i.e. unconstrained). At the PWHT temperature, the 0.2 percent offset yield stress 
was applied to the sample and the crosshead was locked in place to start the stress relaxation 
(for eight hours). The 0.2 percent offset yield strength for these tests were re-measured at 
each PWHT temperature after application of 10 percent plastic strain (the earlier measured 
values could not be used as the application of 10 percent plastic strain increased the yield 
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strength of the alloys). The ferritic alloys were only investigated with 0.2 percent plastic 
strain at temperatures of 500oC, 600oC, and 700oC. The austenitic alloys were tested with 
both 0.2 and 10 percent plastic strains at temperatures of 700oC through 1,000oC in 
increments of 100oC. 
Figure 2-3a &b show the sample geometry used for the austenitic and ferritic alloys, 
respectively. For the ferritic alloys, a double reduced geometry was devised to prevent 
failure from occurring away from the center of the sample.  Failure away from the center 
of the sample was associated with martensite formation during the CGHAZ thermal cycle. 
Martensite is stronger than the unaffected base metal outside the hot zone that is primarily 
bainite. Thus, with a sample of the uniform cross-section, the weaker section will fail 
before the CGHAZ. The double reduced area within the hot zone increases the stress at the 
smallest cross-section, thus ensuring fracture occurs within the simulated CGHAZ in the 
sample where the microstructure and temperature are controlled. 
After the SRC tests, one half of the sample was used for fracture surface analysis 
on a Hitachi 4300® or Zeiss LEO 1550 VP® Scanning Electron Microscopes (SEM). The 
other half of the sample was sectioned longitudinally, mounted and metallographically 
prepared for microstructural characterization. Microhardness traces were conducted on a 
Leco® microhardness tester from near the fracture surface to the unaffected base metal. 
The samples were then re-polished down to 0.05μm colloidal silica and etched. A two 
percent Nital solution was used to etch the Ferritic steels while ten percent Oxalic solution 
was used to electrolytically etch 347H, Inconel 617 and Haynes 230 at 4V DC. The 740H 
and Haynes 282 samples were electrolytically etched at 6V DC in an 88%-12% solution of 
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H3PO4 and H2SO4 saturated with CrO3. The microstructure in the etched samples was first 
viewed under Riechert-Jung MeF3® Light Optical Microscope (LOM) or Olympus BH-
2® fitted with Pax-It® LOM. Grain size measurements were done on the Pax-It® software 
using the Abrams three circle method averaged over five field of views as per 
ASTM E11220. Table 2-3 summarizes the base metal and HAZ grain size measurements 
while some of the measurements are still in progress. 
 
Results and Discussion: 
Figure 2-4 shows typical results acquired during the SRC tests, using alloys Grade 22 
and Grade 22V as examples. Figure 2-4(a & b) show the stress relaxation plots with the 
failure times indicated (when failure ocurred). Two measures of SRC susceptibility, time 
to failure and percentage stress relaxed during the test, can be determined from the stress 
relaxation plots. For both the measures, a lower value indicates higher susceptibility to 
SRC. Figure 2-4(c) shows the reduction in area associated with each test condition, where 
a lower ductility value generally indicates reduced plastic deformation available for stress 
relaxation. Thus, lower ductility indicates higher SRC susceptibility. Figure 2-4(d) shows 
the change in hardness near the fracture relative to the base metal. Hardening near the 
fracture can be indicative of matrix strengthening due to precipitation, which can 
exacerbate SRC susceptibility. For samples that did not fail during the test, it is recognized 
that this local hardness increase could also be associated with work hardening when the 
sample was pulled to failure at the end of the test. Hence, hardness values cannot solely 
indicate SRC susceptibility but can surely complement other susceptibility measures. 
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Similar results are shown for the austenitic alloys in Figure 2-5 through Figure 2-9 for the 
SRC tests conducted with both 0.2 and 10 percent plastic strain.  
The fracture mode for each condition was determined by examination of the fracture 
surfaces with SEM, and four distinct types of fracture modes were observed. Examples of 
each fracture mode are shown in Figure 2-10 with their respective reduction in area values. 
The type I and II fracture modes shown in Figure 2-10 (a & b), respectively, are IG with 
very low ductility. Both type I and II demonstrate susceptibility to SRC as the alloys failed 
during test. The grain facets in type I are smooth, indicating a brittle grain boundary region 
with no evidence of significant localized plastic deformation. In contrast, the type II 
fractures exhibit grain facets with microvoid coalescence (MVC), suggesting localized 
softening near the grain boundary. The type III fracture mode shown in Figure 2-10c is a 
mixed type of IG and ductile MVC with moderate ductility. Thus, type III fracture mode 
indicates moderate susceptibility to SRC. The type IV fracture mode shown in Figure 2-10d 
is completely ductile with MVC. High ductility at the end SRC test indicates that the alloy 
can accommodate plastic strain and hence is resistant to SRC. The type III & IV fracture 
surfaces are from the samples that did not fail during the test and hence were pulled to 
failure at the end of eight hours. Similarly, four major types of secondary cracks were 
observed below the fracture surface as shown in Figure 2-11. The type I secondary cracks 
shown in Figure 2-11a exhibit extensive IG cracking with equiaxed grains and low 
ductility. Minimal plastic deformation of the grains (as evident by the preserved equiaxed 
grain structure) with IG secondary cracks is indicative of cracking being the active 
mechanism of stress relaxation. Hence, type I secondary cracks demonstrate high SRC 
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susceptibility. The type II cracks (Figure 2-11b) are also rather sharp and intergranular, but 
with lower frequency than type I cracks. In addition, samples with type II cracks exhibit 
slightly increased plasticity (as indicated by the elongated grains) that is indicative of lower 
SRC susceptibility as compared to type I. The type III cracks (Figure 2-11c) are 
intergranular, but the cracks are rounded with evidence of blunting associated with 
appreciable plastic deformation. Finally, samples with Type IV cracks (Figure 2-11d) 
exhibit extensive plasticity (MVC) and no failure during the SRC test, thus show resistance 
to SRC under the test conditions. 
As discussed above, six measures of SRC susceptibility can be identified from the SRC 
test results - time to failure, percentage stress relaxed, ductility, increase in hardness at the 
fracture (compared to base metal), type of fracture mode, and nature of secondary cracks 
below the fracture. These measures are referred to as Susceptibility Parameters (SP) in this 
work. Higher susceptibility to SRC is correlated to reductions in the failure time, amount 
of stress relaxed, and ductility. An increase in hardness at the fracture relative the base 
metal would also indicate increased SRC susceptibility, as would Types I and II fracture 
surfaces and secondary cracks. It may not be conclusive to comment on SRC susceptibility 
based on only a single parameter. However, when integrated together these parameters 
correlate very well with SRC susceptibility among all the alloys. For example, as shown in 
Figure 2-4(a, c, d) grade 22V at all test temperatures (500°C, 600°C, 700°C) failed during 
the tests with short failure times (2.5 hours, 5 mins, 2 mins, respectively) and with limited 
stress relaxation. Very low ductility (~2%) and high hardness near the fracture were also 
observed. Higher hardness near the fracture, in this case, can be attributed to transformation 
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to martensite from the originally bainitic structure due to HAZ thermal cycle and also 
precipitation strengthening at PWHT temperatures21,22. Fine, dispersed vanadium carbides 
are reported to form on dislocations in Grade 22V that provide enhanced strengthening21,22. 
Also, as the sample failed with minimal ductility, the contribution of work hardening to 
hardness increase is negligible. As shown in Figure 2-10(a, b) the fracture surfaces were 
all IG type I and II with IG type I secondary cracks. Therefore, combining all the 
parameters, it can be conclusively stated that grade 22V is highly susceptible to SRC under 
the 0.2% test conditions. Several other alloys and test conditions showed similar results 
(e.g., Inconel 740H at 800°C with both 0.2 percent and 10 plastic strain, both 347H and 
Haynes 282 at 700°C and 800°C with 10 percent plastic strain, and Grade 22 at 600°C with 
0.2 percent plastic strain). Some alloys did not fail during the test but showed other 
characteristics of SRC susceptibility. These alloys and test conditions had low ductility 
when pulled to failure and exhibited type I to type III fracture modes and secondary cracks 
(e.g., Haynes 230 at 700°C and 800°C with 10 percent plastic strain, Inconel 740H at 900°C 
with both 0.2 percent and 10 percent plastic strain). Finally, there were alloys that showed 
no signs of SRC susceptibility as indicated by no fracture during the test, very high ductility 
when pulled to failure (after eight hours of the test), type IV both fracture mode and 
secondary cracks, and a high stress relaxation. Examples in this category include 
Inconel 617, Haynes 282, Inconel 740H at 1000°C with both 0.2 percent and 10 percent 
plastic strain.  
The results also reveal the important effects of PWHT temperature on the SRC 
susceptibility. Broadly, it can be stated that the ferritic alloys were most susceptible at 
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600°C followed by 700°C while austenitic alloys were observed to be the most susceptible 
at both 700°C and 800°C followed by 900°C. Irrespective of the alloy, SRC susceptibility 
was found to be minimal at 1000°C.  
Other than temperature, SRC susceptibility also showed a strong dependence on plastic 
strain. Some alloys were not susceptible with 0.2 percent plastic strain but showed evidence 
of susceptibility when 10 percent plastic strain was applied. For example, 347H at 700°C 
and 800°C with 0.2 percent plastic strain did not fail during the test, had high ductility 
when pulled to failure with type IV fracture mode and secondary cracks. However, upon 
application of 10 percent plastic strain, failure occurred during the test with low-stress 
relaxation, increased hardness at the fracture, type I fracture mode and secondary cracks. 
This change in SRC susceptibility in 347H sample can be attributed to the NbC 
precipitation on the dislocations induced by cold working23. Cold working enhances the 
dislocation density in the matrix, thus generating more precipitation sites for NbC. This 
matrix strengthening can therefore localize strain at the grain boundaries leading to IG 
fracture with low ductility. Comparable results were observed for Haynes 282 and 
Haynes 230 at 700°C and 800°C with 10 percent plastic strain. However, it should be noted 
that the mechanism of matrix strengthening is alloy specific. For example, Haynes 282 is 
γ’ precipitation strengthened while solid solution strengthening is the active hardening 
mechanism in Haynes 230. (The microstructural mechanisms of SRC is discussed in more 
detail below). 
From the above discussion, the SRC susceptibility for any alloy can be ascertained as 
a combination of the SP values identified in this study. The aim here was to develop an 
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SRC susceptibility index including all the alloys with their respective level of 
susceptibility, moving beyond a simple pass/fail type classification of SRC susceptibility. 
To rank the SRC susceptibility of a wide range of alloys under varied test conditions, a 
unified number associated with SRC susceptibility was developed. The SP values were 
combined with concepts of the Risk Priority Number (RPN)24,25. The RPN is a tool in 
Failure Modes and Effect Analysis (FMEA) used for risk assessment of various critical 
modes of failure for any design or process. RPN is a dynamic tool that can be applied to 
simple processes such as baking to complicated manufacturing of a critical component on 
a spaceship. RPN can be calculated to identify and prioritize the potential failure modes. 
With this established approach, a numerical value is assigned to all the failure modes, based 
on which corrective measures are prioritized. RPN is expressed as the product of the 
occurrence, severity, and detectability for that failure mode, shown in Equation 1, 
𝑅𝑃𝑁 = 𝑂𝑐𝑐𝑢𝑟𝑒𝑛𝑐𝑒 ∗ 𝑆𝑒𝑣𝑒𝑟𝑖𝑡𝑦 ∗ 𝐷𝑒𝑡𝑒𝑐𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦            Equation 1 
In equation (1), ‘Occurrence’ is the frequency of a failure mode to occur during the 
process. It is assigned a value from one to ten, where higher numbers indicate more 
frequent failures (e.g., a value of one for ‘Occurrence’ indicates that the failure mode does 
not occur at all). ‘Severity’ is the impact of that failure mode on the process performance. 
‘Severity’ is also assigned a value between one to ten, where ten implies a complete 
impairment of the process due to that failure mode. Thus, the lower the ‘Severity’ value, 
the smaller the effect of the failure mode on the process outcome. The ‘Detectability’ value 
(also assigned values from one to ten) is the ease of detecting the failure mode24,25 where 
higher values indicate that the failure mode is difficult to detect. For ‘Detectability’, a value 
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of ten relates to a failure mode that is not detectable during the process. Hence, for each 
failure mode, the maximum value of RPN can be 1000, which represents a potential failure 
that occurs every time the process is conducted, completely stops a process, and cannot be 
detected. Therefore, a failure mode with higher RPN is placed higher on the priority chart. 
The RPN concepts described above were used in similar fashion to develop a 
Susceptibility Number (SN) for all the SRC tests such that a higher SN relates to a higher 
SRC susceptibility. The value of SN is given by Equation 2, where SPn represents the six 
susceptibility parameters from SP1 to SP6 for each SRC test, namely, ductility, percentage 
stress relaxed, increase in hardness at fracture (compared to base metal), failure time, 
fracture mode and secondary cracks below the fracture. ‘Severityn’ and ‘Detectabilityn’ are 
respectively the severity and detectability values for each SPn as discussed below.  
𝑆𝑁 = ∑ ( 𝑆𝑃𝑛 ∗ 𝑆𝑒𝑣𝑒𝑟𝑖𝑡𝑦𝑛 ∗ 𝐷𝑒𝑡𝑒𝑐𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑛)
𝑆𝑃6
𝑆𝑃1
           Equation 2 
The assigned values of ‘severity’ and ‘detectability’ for all the SP are listed in 
Table 2-4. It is recognized that these values are somewhat subjective, however, with logical 
rationale for assigning the values, the extent of subjective nature can be reduced. 
Furthermore, results of a sensitivity analysis (discussed below) show that reasonable 
variations to the parameters have minimal effect on the susceptibility ranking results, thus 
demonstrating the robustness of the approach. The rationale for assigning values of severity 
and detectability are discussed below. 
A stronger indicator to SRC susceptibility was assigned a higher ‘severity’ value 
(maximum of 10). For example, the type of fracture mode is a stronger indicator as 
compared to hardness increase at fracture because IG fracture highlights SRC susceptibility 
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irrespective of the alloy system. However, the increase in hardness near fracture is an 
inherent property of an alloy and can be due to both precipitation strengthening and/or 
work hardening (for samples that were pulled to failure). Detectability was defined as the 
confidence in the measured value of an SP. For example, the time to failure can be 
accurately measured in the Gleeble® and thus, was assigned a higher value as compared 
to the subjective parameters like fracture mode.  
The fracture mode and secondary cracks are both qualitative parameters, hence, cannot 
be used directly in the SN calculation. Therefore, the major fracture modes and secondary 
crack types classified earlier (shown in Figure 2-10 and Figure 2-11 respectively) were 
assigned values out of 10 shown in Table 2-5, where a higher number indicates higher SRC 
susceptibility. The other SP values were also expressed out of 10 for consistency. The SP 
values for percent hardness increase was calculated by simply dividing the experimentally 
calculated value by 10. The SP values for ductility, failure time and stress relaxed (all 
values expressed as percentages) were calculated using the simple relation given by 
equation 3. The complementary values of the three SP values (as calculated by equation 3) 
were used in the SN calculation and not the values themselves because these SP hold an 
inverse relation with SRC susceptibility. For example, a higher value of ductility, 
percentage stress relaxed, or failure time indicate lower SRC susceptibility but result in a 
higher SN. Therefore, using the complementary values for these SP will maintain the direct 
relation to both SRC susceptibility and SN.  
𝑆𝑃𝑛 = (100 − 𝑆𝑃𝑛)/10     Equation 3 
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For simplicity of plotting, the SN values (calculated using Equation 2) for the entire 
spectrum of samples and test conditions was normalized to the highest value in the series 
and multiplied by 100.  Figure 2-12 summarizes the SN values for all the alloys and test 
conditions. As summarized by the table in the Figure 2-12, the susceptibility chart is 
divided into three major regions, namely, susceptible, moderately susceptible, and resistant 
to SRC. The alloys and test conditions in one region of the susceptibility chart share a 
common trend in terms of the SP values. For example, in the susceptible region, all the 
samples failed during the test, had type I or II fracture mode, type I secondary cracks, 
generally low ductility (<10 percent), significant hardening at the fracture, and low percent 
of stress relaxed (< 20 percent). The similar trends of the other regions are listed in the 
table on Figure 2-12. There is a rather sharp demarcation (i.e., reduction in SN value) of 
susceptible test conditions with the conditions that are only moderately susceptible. This 
reduction in SN is not associated only with the failure of alloys during the test but is a result 
of a combination of all the six measures of SRC susceptibility. For example, Grade 22 at 
600°C with 0.2 percent plastic strain, failed in 30 minutes, had low ductility of 5%, high 
hardening at fracture, and low-stress relaxation with type I fracture mode and secondary 
cracks. 
As highlighted earlier, the ‘severity’ and ‘detectability’ values for each SP were 
subjective to a certain extent. Therefore, to check for the robustness of the ranking 
methodology, a sensitivity test was performed. ‘Severity’ and ‘detectability’ values were 
iteratively varied in the range as shown in Table 2-4 while other values were not altered 
from the standard value. A total of 62 combinations were analyzed and the change in rank 
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was noted with each variation of values. The error bars in Figure 2-12 shows the maximum 
change in ranking both above and below the standard position of all the conditions reported 
earlier. Note that no significant change in ranking was observed for susceptible region, 
beginning of the moderately susceptible region and the end of the resistant region of the 
chart. The change in ranking was localized mainly around the border between moderately 
susceptible and resistant regions. This localization can be attributed to very close SN for 
these test conditions. The insignificant change in ranking confirms the robustness of the 
ranking methodology. 
 
Microstructural Characterization 
The ferritic alloys in this study were primarily included to validate the SRC test 
procedures. Grade 22 and Grade 22V have been widely reported in literature to be 
susceptible to SRC, and the cracking mechanisms are generally understood26–32. Thus, 
microstructural characterization studies were aimed at the remaining austenitic alloys. 
Inconel 740H is a γ’ strengthened alloy that also forms M23C6, MC, G-phase and 
η9,33-35. This alloy showed high and moderate susceptibility to SRC at 800°C and 900°C, 
with the application of both 0.2 and 10 percent plastic strain (Figure 2-12). Other test 
conditions for 740H were resistant to SRC. Therefore, the two test conditions with 0.2 
percent plastic strain (800°C & 900°C) were selected for microstructural characterization. 
Figure 13a & b show the fracture surface of the sample tested at 800oC. Note that the 
fracture mode is intergranular with MVC confined to the boundary regions (Figure 2-13a 
& b). This indicates that plastic deformation was localized along the grain boundaries. 
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Closer examination of the grain boundaries (Figure 14a & b) show the presence of 
precipitate free zones (PFZs) associated with a lamellar precipitate morphology. EDS 
results from the matrix and coarsened secondary phase are shown in Figure 2-14b. The 
secondary phase is slightly enriched in Nb, Al, and Ti and exhibits slight depletion in Cr. 
It is recognized that these elemental concentrations (table in Figure 2-14b) are not strictly 
from the precipitates, but also sample the surrounding matrix as the electron beam 
interaction depth (calculated using the Monte-Carlo® simulation) was approximately 280 
nm with lateral spatial resolution of approximately 260 nm. However, the composition 
results and observed lamellar morphology can be combined with information previously 
reported on secondary phases as an aid to identify the lamellar grain boundary phase. Of 
the previously reported stable phases in 740H, G-phase only forms after long term aging 
(beyond 2500 hours)8, and η forms with a needle like morphology after about 100 hours at 
800°C36. Thus, these phases would not be expected to form under the short test times 
utilized here. The observed depletion in Cr and presence of Ni and Al also rule out the 
possibility of M23C6 or MC, as the solid solubility of Ni and Al is known to be negligible 
in both the phases8,33 which is also validated from phase fraction calculations using 
Thermocalc® (Table 2-6). In addition, the formation of ’ in IN740H with the same 
lamellar morphology has recently been reported by Bechetti et al, and is consistent with 
the elevated Nb, Ti, and Al concentrations. Therefore, γ’ [Ni3(Ti,Al,Nb)] is the only phase 
that is consistent with the XEDS and morphology observations.  
The lamellar morphology shown in Figure 2-14 can occur due to discontinuous 
precipitation or coarsening37–43. In the current study, continuous precipitation was observed 
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on the grain boundaries that were void of the lamellar precipitate morphology. This 
suggests that nucleation was not associated with the lamellar morphology. Thus, the 
detrimental lamellar precipitate morphology associated with stress relief cracking at 800°C 
in this alloy forms by discontinuous coarsening, and this is consistent with previous studies 
on this alloy33,35.The presence of coarse grain boundary precipitates that form by 
discontinuous reactions are known to degrade mechanical properties by promoting 
premature IG fracture33,44,45. For example, Bechetti et al have recently shown that this 
morphology is associated with premature creep failure in welds on IN740H33. Considering 
the known similarities of deformation mechanisms between creep damage and stress relief 
cracking16,46, the detrimental effect of the coarsened grain boundary ’ phase on stress relief 
cracking is not surprising.  
IN740H tested at 900°C did not fail during the test but showed IG fracture with low 
ductility when pulled to failure and is thus considered as moderately susceptible. The slight 
increase in ductility and reduction in hardness at 900°C (Figure 2-5d) compared to 800°C 
may attributed to the reduced ’ content and coarsening of γ’ precipitates.  Although void 
formation at the grain boundary is associated with the presence of PFZs, the mechanism of 
PFZ formation is different at this temperature. XEDS elemental map (Figure 2-15b) shows 
the GB precipitates to be rich in Nb, Ti and C while depleted in Ni, Cr and Al. This indicates 
that the grain boundary phase is a (Nb,Ti)C carbide, which is consistent with other studies 
on 740H9,33. The γ’ solvus for IN740H is between 900°C and 1000°C9, while that for NbC 
is around 1100°C to 1200°C9. Therefore, at 900°C, (Nb,Ti)C will grow at the expense of 
γ’.  Growth of the grain boundary (Nb,Ti)C will cause localized depletion of Nb and Ti in 
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the grain boundary regions, thus leading to localized dissolution of ’ and associated 
formation of the PFZ. These microstructural features in the samples tested at 800°C and 
900°C account for the SRC susceptibility observed at these temperatures.  
Haynes 282 is also a γ’ strengthened alloy and forms other phases such as M23C6, 
MC and M6C
9,47,48. The composition of the phases was calculated using Thermocalc®, 
listed in Table 2-7. MC was calculated to be stable above 1000°C. Although sigma phase 
is thermodynamically stable, it only forms after long term ageing at 800°C9,49 and hence is 
unlikely to form in the eight-hour SRC test. From Figure 2-12, Haynes 282 is susceptible 
to SRC only after the application of 10 percent plastic strain at 700°C and 800°C. These 
samples were selected for the microstructural investigation. Figure 2-16a shows the 
intergranular fracture mode in the sample tested at 700°C with localized ductility (MVC) 
on the grain facets (Figure 2-16b). Figure 2-17 shows the grain boundary features that were 
typical at both 700°C and 800°C. The matrix contains finely dispersed γ’ (Figure 2-17c) 
while the grain boundaries show precipitates formed by discontinuous coarsening 
(Figure 2-17a & c). Precipitate free zones are also observed at 800oC (Figure 2-17d). The 
secondary phase (Figure 2-17b) is rich in Mo and slightly depleted in Ni relative to the 
matrix. From Table 2-7, note that the M6C phase is enriched in Mo and depleted in Ni 
(relative to the matrix). The M23C6 phase is also stable and exhibits Mo enrichment, but 
also has a very high Cr concentration that is not consistent with the XEDS results. Grain 
boundary precipitation of Cr-rich M23C6 leading to creep failure has been reported in 
Haynes 28250. However, no prominent Cr enriched phase was detected in the current study, 
which is likely due to the short ageing times involved (eight hours). This is consistent with 
75 
 
the slow precipitation kinetics of M23C6 reported in Haynes 282
47,48. As with IN740H, the 
cracking observed in Haynes 282 also appears to be associated with discontinuous 
coarsening and formation of precipitate free zone.  
Haynes 230 is a solid solution strengthened alloy and 347H is a stainless steel that 
is strengthened primarily by NbC. When tested at 700°C with 10% strain, 347H was 
susceptible while Haynes 230 exhibited moderate cracking susceptibility (Figure 2-12). As 
shown in Figure 2-18, each of these alloys exhibited sharp intergranular cracks below the 
fracture surface with no significant signs of plastic deformation, and the fracture mode was 
intergranular with localized MVC along the grain boundaries. M23C6 and M6C are the 
major precipitates reported in Haynes 23051,52. In this study, a Cr-rich phase was observed 
to precipitate in both discontinuous and interconnected chain like morphology 
(Figure 2-19a, b). Discontinuous coarsening of M23C6 has been extensively reported to 
cause GB weakening and creep failure in Haynes 230 and similar alloys systems52–54. 
Interconnected M23C6 morphology are also reported to lower the ductility and tensile 
strength in similar Ni-Cr-W alloys causing fracture54. Even though no apparent PFZ was 
observed, the GB coarsening of Cr-rich phase can locally deplete the matrix in both Cr and 
W thereby forming a locally softened region. Therefore, GB weakening by M23C6 
precipitation and coarsening is the likely reason for higher cracking susceptibility in 
Haynes 230.  
The NbC precipitates in alloy 347H form within the matrix preferentially on 
dislocations and significantly strengthen the matrix55–58. The precipitates are known to be 
very fine, in the range of 20 to 40 nm59 and therefore cannot typically be resolved in the 
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SEM. Although voids are observed on the grain boundaries/ grain facets (fracture surface 
Figure 2-18c), no apparent PFZs were observed during examination by SEM 
(Figure 2-19c). Transmission Electron Microscopy techniques are required to investigate 
the possibility of PFZs and clarify their potential role in stress relief cracking in this alloy. 
In previous work, very fine NbC precipitates are reported to form at 700°C and 800°C with 
the lowest coarsening rate as compared to higher temperatures59. Fine, dispersed 
precipitates impart higher strengthening to the material than coarse precipitates12, 
therefore, the matrix strengthening from NbC is highest at 700°C and 800°C. Note that this 
sample (that was tested at 700°C) exhibited the highest increase in hardness, which is also 
consistent with dense NbC precipitation. This high matrix strength (and the possible 
formation of PFZs) may account for the observed cracking susceptibility in this alloy.  
 Inconel 617 is a solid solution strengthened alloy and was resistant to SRC at all 
test conditions (Figure 2-12). The alloy exhibited a ductile fracture mode (Figure 2-20a) 
with elongated grains below the fracture (Figure 2-20b) that suggests high plasticity. 
Discrete voids with no IG cracks were observed below the fracture (Figure 2-20b). 
Secondary phases form locally along regions that appear to be associated with remnant 
segregation from solidification, subsequently rolled to form parallel bands. Voids formed 
due to the rupturing of second phases under stress (Figure 2-20c). The stable phases 
reported for Inconel 617 were µ, M6C, MX, γ’, M23C660. Both inter- and intra-granular Mo 
and Cr-rich phases were observed from XEDS scans (Table in Figure 2-20c). It is known 
that long term ageing of Inconel 617 can considerably lower the ductility and promote IG 
fracture by γ’ precipitation and concomitant coalescing of GB carbides to form film 
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morphology61. This suggests that the alloy can be susceptible to strain age cracking (SAC) 
during long term service but appears to be resistant to cracking during the short times 
associated with PWHT. 
 
Conclusion: 
The SRC susceptibility of a range of ferritic and austenitic alloys was tested at two strain 
levels under a range of PWHT temperatures using Gleeble based techniques. Six measures 
of SRC susceptibility were acquired from the test results, and a robust ranking 
methodology for SRC susceptibility was developed. A sensitivity test was also performed 
for the ranking methodology followed by microstructural characterization to comprehend 
the mechanism of SRC failure in alloys. From the above work following conclusions can 
be drawn: 
1. The Gleeble based SRC test methodology developed in this work reproduced the 
low ductility IG fracture in a variety of alloys tested under different test conditions. 
Six parameters were identified as a measure of SRC susceptibility, namely ductility, 
percentage stress relaxed, hardness increase at fracture, failure time, fracture mode 
and secondary cracks below the fracture. 
2. A SRC susceptibility ranking method was developed based on the risk priority 
number used in failure modes and effect analysis.  A sensitivity analysis 
demonstrated that the ranking methodology is robust and does not change 
significantly with reasonable variations to the severity and detectability values. 
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3. The ferritic alloys were most susceptible to SRC at PWHT of 600°C. Cracking 
susceptibility of the austenitic alloys was highest at 800°C and 700°C followed by 
900°C. The least SRC susceptibility was observed at 1000°C irrespective of alloy. 
4. The following alloys and test conditions were shown to be susceptible to SRC:  
Grade 22V (0.2 percent plastic strain at PWHT of 500°C, 600°C & 700°C), 
Grade 22 (0.2 percent plastic strain at PWHT of 600°C), Haynes 282 (10 percent 
plastic strain at PWHT of 800°C, 700°C), 347H (10 percent plastic strain at PWHT 
of 700°C, 800°C) and 740H (0.2 percent and 10 percent plastic strain at PWHT of 
800°C) 
5. The following alloys and test conditions were shown to be moderately susceptible 
to SRC Haynes 230 (10 percent plastic strain at PWHT of 700°C and 800°C), 
Haynes 282 (0.2 percent and 10 percent plastic strain at PWHT of 900°C), 740H 
(0.2 percent and 10 percent plastic strain at PWHT of 900°C), Grade 22 (0.2 percent 
plastic strain at PWHT of 700°C). 
6. For alloys 347H, Haynes 282, and Haynes 230, application of 10 percent plastic 
strain enhanced the SRC susceptibility. Inconel 617 was resistant to SRC even with 
the application of 10 percent plastic strain. 
7. Stress relief cracking in alloy 740H, Haynes 282 and Haynes 230 was associated 
with discontinuous coarsening or grain boundary precipitates.  
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Table 2-1. Chemical composition of alloys 
Chemical composition 
 740H In 617 HY282 HY230 347H Gr22 Gr22V 
Al 1.33 1.098 1.559 0.364 0.008 0.024 0.018 
B - 0.0015 0.0038 0.0047 <0.0003 <0.0003 0.0014 
Co 20.21 12.37 10.12 0.127 0.156 <0.002 <0.002 
Cr 24.19 21.8 19.12 22.06 17.14 2.35 2.33 
Cu 0.002 0.023 0.006 0.022 0.41 0.027 0.022 
Fe 0.11 0.8 0.49 2.5 69.92 95.78 95.51 
Mn 0.24 0.07 0.04 0.52 1.61 0.47 0.56 
Mo 0.3 9.15 8.38 1.26 0.37 0.97 0.98 
Nb 1.498 0.162 0.023 0.038 0.63 0.007 0.008 
Ni 50.53 53.94 58 58.04 9.06 0.03 0.03 
P <0.002 0.002 <0.002 0.004 0.03 0.004 0.005 
Si 0.149 0.05 0.039 0.38 0.44 0.187 0.057 
Ti 1.357 0.373 2.11 0.019 0.007 0.002 0.002 
V 0.006 0.012 0.004 0.024 0.058 0.004 0.304 
W 0.012 0.031 0.02 14.48 0.021 <0.002 <0.002 
C 0.026 0.09 0.067 0.099 0.047 0.11 0.132 
S 0.0013 <0.0003 0.001 <0.0001 0.0008 0.0015 0.0027 
N 0.0039 0.0056 0.0036 0.0257 0.042 0.006 0.0081 
 
 
Table 2-2. Peak temperatures for CGHAZ simulation in SMARTWELD 
Material Peak Temperature (°C) 
Haynes 230 1247 
Haynes 282 1200 
347H 1325 
Inconel 617 1225 
Inconel 740H 1200 
Grade 22/ 22V 1347 
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Table 2-3. Base metal and HAZ grain size along with standard deviation  
  Grain Size ± Std. Deviation (µm) 
Material Base Metal  
Heat Affected 
Zone 
Haynes 230 47 ± 4 61 ± 6 
Haynes 282 92 ± 11 133 ± 13 
347H na  32 ± 1  
Inconel 617 151 ± 14 170 ± 27 
Inconel 740H 116 ± 11 169 ± 12 
Grade 22 na  na 
Grade 22V na  70 ± 5 
 
 
 
Table 2-4. Assigned values of ‘severity’ and ‘detectability’ for all susceptibility parameters. Below each 
value is the range used in sensitivity analysis. 
Material/ 
Temp  
Ductility 
(P1)  
% Stress 
Relaxed 
(P2) 
Hardness 
at fracture 
(P3) 
Failure 
time  
(P4) 
Fracture 
Mode 
(P5) 
Intergranular 
Secondary 
Cracks  
(P6) 
Severity  
(x/10) 
-Effect on 
output 
8 
6↔10 
8 
6↔10 
6 
4↔10 
10 
6↔10 
10 
6↔10 
10 
6↔10 
Detectability 
(x/10) 
-Ease of 
detection  
10 
6↔10 
10 
6↔10 
10 
6↔10 
10 
6↔10 
8 
6↔10 
8 
6↔10 
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Table 2-5. Marking scheme for qualitative parameters for different modes. 
Parameter 5: Fracture mode Description Value 
Type I IG with smooth grains 10 
Type II IG with mvc on grain faucets 10 
Type III mixture of IG and mvc 5 
Type IV Ductile mvc 0 
  
 
Parameter 6: Secondary Cracks Description Value 
Type I IG with no deformed grains 10 
Type II IG with deformed grains 5 
Type III Mixture of IG and trans-granular 2.5 
Type IV Ductile voids 0 
 
Table 2-6. Calculated composition of γ' and MC at different temperatures for 740H 
  700°C 800°C 900°C 
  γ' MC γ' MC γ' MC 
Ni 73 1.20E-05 70 6.09E-05 68 2.07E-04 
Co 6.3 2.75E-05 7.6 1.08E-04 9.0 3.04E-04 
Cr 3.7 4.38E-02 5.2 7.48E-02 7.1 1.09E-01 
Al 3.7 3.96E-11 3.3 3.86E-11 2.9 2.25E-10 
Nb 7.7 29 8.2 34 8.2 38 
Ti 5.3 55 5.1 51 4.4 48 
C 6.67E-06 15 3.85E-05 15 1.41E-04 15 
*Values are in reported in wt% 
 
Table 2-7. Calculated composition of stable phases for Haynes 282 
 Gamma Gamma Prime M6C M23C6 
Ni 55 78 25 3.1 
Co 12 3.9 0.8 0.8 
Cr 23 1.3 17 71.5 
Al 0.6 6.0 0.0 0.0 
Mo 8.9 0.3 53 19.4 
Ti 0.2 10 0.0 0.0 
C 0.0 0.0 2.7 5.2 
*Values are in wt% calculated over 700°C to 900°C 
*M23C6 calculated over 800°C to 900°C 
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Images 
 
Figure 2-1. Schematic diagram of SRC test with 0.2% plastic strain 
 
 
Figure 2-2. Schematic diagram of SRC test with 10% percent plastic strain 
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Figure 2-3. Sample geometry (a) austenitic (b) ferritic alloys 
 
  
(a) 
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Figure 2-4. (a) Stress vs. time plot for Grade 22V (b) Stress vs. time plot for Grade 22 (c) Ductility vs. 
temperature for both Grade 22 and Grade 22V (d) Hardness at fracture vs. temperature for both Grade 22 
and Grade 22V. 
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Figure 2-5. (a) Stress vs. time plot for 740H with procedure#1 (0.2% offset yield at temperature) (b) Stress 
vs. time plot for 740H with procedure#1 (10% cold worked) (c) Ductility vs. temperature for both 
procedures#1 & 2 for 740H (d) Hardness at fracture vs. temperature for both procedures#1 & 2 for 740H. 
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Figure 2-6. (a) Stress vs. time plot for 347H with procedure#1 (0.2% offset yield at temperature) (b) Stress 
vs. time plot for 347H with procedure#1 (10% cold worked) (c) Ductility vs. temperature for both 
procedures#1 & 2 for 347H (d) Hardness at fracture vs. temperature for both procedures#1 & 2 for 347H. 
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Figure 2-7. (a) Stress vs. time plot for Haynes® 282 with procedure#1 (0.2% offset yield at temperature) 
(b) Stress vs. time plot for Haynes® 282 with procedure#1 (10% cold worked) (c) Ductility vs. temperature 
for both procedures#1 & 2 for Haynes® 282 (d) Hardness at fracture vs. temperature for both procedures#1 
& 2 for Haynes® 282. 
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Figure 2-8. (a) Stress vs. time plot for Haynes® 230 with procedure#1 (0.2% offset yield at temperature) 
(b) Stress vs. time plot for Haynes® 230 with procedure#1 (10% cold worked) (c) Ductility vs. temperature 
for both procedures#1 & 2 for Haynes® 230 (d) Hardness at fracture vs. temperature for both procedures#1 
& 2 for Haynes® 230. 
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Figure 2-9. (a) Stress vs. time plot for Inconel® 617 with procedure#1 (0.2% offset yield at temperature) 
(b) Stress vs. time plot for Inconel® 617 with procedure#1 (10% cold worked) (c) Ductility vs. temperature 
for both procedures#1 & 2 for Inconel® 617 (d) Hardness at fracture vs. temperature for both procedures#1 
& 2 for Inconel® 617. 
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Figure 2-10. Fracture modes (a) Type I: Intergranular with smooth grain facets [Gr22V, 600°C, 0.2%] (b) 
Type II: Intergranular with MVC on grain facets [Gr22V, 700°C, 0.2%] (c) Type III: Mixed intergranular 
and ductile micro-voids [Haynes 230, 800°C, 10%] (d) Type IV: Ductile MVC [347H, 800C, 0.2%] 
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Figure 2-11. Secondary cracks (a) Type I: Intergranular cracks with no deformed grains [347H, 800°C, 10%] 
(b) Type II: Intergranular cracks with deformed grains [Haynes 282, 900°C, 10%] (c) Type III: Mixture of 
inter and Intra-granular cracks [In 617, 800°C, 10%] (d) Type IV: Trans-granular ductile voids [In 617, 
1000°C, 0.2%] 
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Figure 2-12. SRC susceptibility ranking chart encompassing all the alloys and test conditions. Error bars 
highlight the change in ranking during sensitivity analysis.  
  
98 
 
 
Figure 2-13. 740H (0.2%, 800°C) (a) Inter-granular fracture mode (b) Fracture surface at high 
magnification showing Micro-voids on grain facets. 
  
Figure 2-14. 740H (0.2%, 800°C) (a) Grain boundary with discontinuous precipitates and voids associated 
with PFZ (b) EDS line-scan across grain boundary with discontinuous precipitates showing higher Al 
concentration within the DP region. 
 
Figure 2-15. 740H (0.2%, 900°C) (a) GB precipitate and voids associated with symmetric PFZ formation. 
(b) EDS map of the highlighted region showing Nb, Ti, C enrichment and Al depletion. 
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Figure 2-16. Haynes 282 (10%, 700°C) (a) SEM fractograph showing Intergranular fracture mode (b) MVC 
on grain facets 
 
 
Figure 2-17. (a, b) Haynes 282 (10%, 700°C) (a) Discontinuous precipitation at the grain boundary with 
summarized XEDS spot scan results (b) XEDS elemental map of the highlighted region from (a). (c, d) 
Haynes 282 (10%, 800°C) (c) Discontinuous precipitation and associated voids forming along grain 
boundaries with summarized XEDS results (d) Precipitate Free Zone at the grain boundary with coarsened 
precipitates and associated voids. 
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Figure 2-18. (a, b) Light optical images showing sharp IG cracks below fracture (a) 347H, 10%, 700°C (b) 
Haynes 230, 10%, 700°C. (c, d) SEM images showing IG fracture with MVC on grain facets (c) 347H, 
10%, 700°C (d) Haynes 230, 10%, 700°C. 
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Figure 2-19. SEM micrograph of Haynes 230, 10%, 700°C (a) voids at the grain boundaries associated with 
IG Cr and W-rich precipitates (b) Discontinuous precipitates and associated voids; (c) SEM micrograph of 
347H, 10%, 700°C showing voids at the grain boundaries with no apparent PFZ 
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Figure 2-20. Inconel 617 (10%, 900°C) (a) SEM fractograph showing ductile fracture mode with mvc (b) 
LOM image of longitudinal cross-section below fracture showing voids associated with bands of second 
phase. (c) Ruptured second phases and associated voids; (table) XEDS results for second phases.   
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